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ABSTRACT 
Environmental and economic factors have caused growers to increase the use of 
reduced glyphosate rates and alternate application timings. Field experiments were 
conducted at Ames, Iowa in two locations in 2002 and one location in 2003 to evaluate the 
effects of glyphosate application timings and rates in soybeans. Four application timings 
were used (EPOST, MPOST, LPOST, FLOWER) along with five glyphosate rates (0, 143, 
285, 570, 1140 g ai/ha) in a randomized complete block split-plot design. The seed of weeds 
surviving treatments were collected and analyzed to determine glyphosate effects on seed 
production, viability, germination, and dormancy. Glyphosate rates had a significant effect 
on soybean yield, weed control, and weed growth while application timing effects were 
inconsistent across all variables. Glyphosate rates from 285 to 1140g ai/ha provided 
equivalent soybean yields. The highest soybean yields were obtained with the MPOST and 
LPOST application timings. Common cocklebur and common waterhemp growth was 
consistently decreased and mortality consistently increased with rates from 285 to 1140 g 
ai/ha. Season-long efficacy was equal with glyphosate rates from 285 to 1140 g ai/ha in 
common cocklebur. Glyphosate reduced common cocklebur, velvetleaf, and common 
waterhemp seed production. Common cocklebur viability was decreased by 10 to 20% while 
common waterhemp viability was decreased by 16% with glyphosate rates of 143 g ai/ha. 
Common cocklebur and common waterhemp germination and dormancy, as a percent of 
viable seed, were not affected by glyphosate. Glyphosate reduced velvetleaf germination 69 
to 79% with all rates in one location. At another location glyphosate rates of 143 and 285 g 
ai/ha reduced velvetleaf germination by 56% and 32% respectively. Velvetleaf dormancy 
was increased at both locations. Velvetleafviability was not affected by glyphosate. The 
Vll 
most consistent effect of glyphosate on common cocklebur, velvetleaf, and common 
waterhemp was a reduction in seed production. Velvetleaf control was better with early 
glyphosate application timings while common cocklebur and common waterhemp control 
was better with later glyphosate applications. 
vm 
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INTRODUCTION 
Most soybean (Glycine max Merr.) production systems in the Midwest use glyphosate 
(N-(phosphonomethyl) glycine) as the primary herbicide for weed control. Glyphosate was 
applied on 78% of the soybean acres in the United States in 2002 and was ranked the number 
one herbicide in sales (Kudsk and Streibig, 2003; NASS, 2002). The relative ease of 
glyphosate use, along with its wide application window, makes it a very attractive herbicide 
program to growers, although time restraints and environmental factors may still delay 
applications past the recommended label application timings. Reduced herbicide rates have 
become more prevalent in recent years due to decreased profit margins and environmental 
factors (Norris et al., 2001). The objective of this project was to investigate the effects of 
reduced rates and different application timings of glyphosate on the viability, germination, 
dormancy and seed production of common cocklebur, velvetleaf, and common waterhemp in 
soybeans. 
Reduced herbicide rates and non-optimal application timings may allow some weeds 
to survive. However, if the survivors are unable to produce viable seed, there will be no 
additions to the weed seed bank. If the survivors produce seeds with less dormancy, the 
seeds will not persist in the soil for as many years. These may be important methods of weed 
control. Dormancy, seed longevity, and annual seed additions allow for the growth of a weed 
seed bank in the soil (Cobb, 1992). Reducing the number of viable weed seeds returned to 
the soil seed bank can be beneficial even if complete weed control is not accomplished 
(Dieleman and Mortensen, 1998). Some research on the effects of herbicide rates and 
timings showed reductions in seed viability (Biniak and Aldrich, 1986; Fawcett and Slife, 
1978; Maun and Cavers, 1969) while other research showed no differences in seed viability 
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(Taylor and Oliver, 1997). All researchers showed significant reductions in weed seed 
production. 
Foliar herbicide applications can affect developing weed seeds in different ways. 
Herbicides may be translocated to floral meristems and accumulate or interfere with plant 
metabolites or hormone supply to the developing seed (Henzell et al., 1985). Glyphosate, a 
systemic herbicide, will most likely have an indirect effect on the developing weed seed by 
inhibiting protein synthesis in the plant or by accumulating in the seed (Cole, 1985; Franz et 
al., 1997; Whigham and Stoller, 1979). Other systemic herbicides reduced assimilate flow to 
the seed and had significant effects on seed characteristics (Devine et al., 1983; Henzell et 
al., 1985). Imazaquin (2-[ 4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-l H-imidazol-2-yl]-
3-quinolinecarboxylic acid) and chlorimuron (2-[[[[(4-chloro-6-methoxy-2-pyrimidinyl) 
amino ]carbonyl]amino ]sulfonyl]benzoic acid) accumulated in the meristematic tissues and 
inhibited cell division resulting in no seed production (Isaacs et al., 1989). 
Research demonstrated that reduced herbicide rates will give sufficient weed control 
and soybean yields in many situations (Ateh and Harvey, 1999; Baldwin and Oliver, 1985; 
Defelice et al., 1989; Devlin et al., 1991; Klingaman et al., 1992; Starke and Oliver, 1996; 
Wait et al., 1999). Baldwin and Oliver (1985) suggested that many postemergent herbicides 
could be applied at rates as low at 1/4 the labeled rate and provide similar control to the 
labeled rate if they were applied early, precisely, and under favorable conditions. Jordan et 
al. (1997) found that glyphosate rates could be lowered and still provide adequate weed 
control depending on weed size and species. Although reduced herbicide rates can reduce 
herbicide costs, producer risk is higher. As a general rule, net income tends to decrease as 
herbicide rates decrease due to slightly lower yields and more reliance on ideal conditions 
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with reduced rates (Wait et al., 1999). Relying on total post-emerge herbicide applications 
for weed control involves risk due to environmental factors that could delay proper herbicide 
application timings. Reddy (2001) found that sequential post-emergence applications of 
glyphosate were as effective as pre-emergence followed by post-emergence programs of 
glyphosate and other conventional herbicides in controlling weeds and costs. 
LITERATURE REVIEW 
Viability, Germination, Dormancy, and Seed Production 
The environment of the mother plant during seed development can have a great effect 
on the quality of seed produced (Egli, 1998; Gutterman, 1992). Weed seed quality can be 
reduced by many different anthropomorphic and environmental factors. These factors 
include predation, soil conditions, and herbicide treatments (Egley and Chandler, 1978; 
Evans et al., 1963; Fawcett and Slife, 1978; Kremer and Spencer, 1989; Taylorson, 1970). 
The reproductive capability of a species can be reduced by reducing seed viability, 
germination, dormancy, and overall seed production. Late-season herbicide applications, 
near flowering, have been shown to reduce these characteristics (Bennett and Shaw, 2000; 
Biniak and Aldrich, 1986; Evans et al., 1963; Fawcett and Slife, 1978; Henzell et al., 1985; 
Isaacs et al., 1989; Maun and Cavers, 1969; Rojas-Garciduenas and Kommedahl, 1960; 
Taylor and Oliver, 1997). Herbicides can also be species-dependent with respect to their 
effects on seed characteristics. Diclorprop ((±)-2-(2,4-dichlorophenoxy)propanoic acid)+ 
2,4-D (2,4-dichlorophenoxyacetic acid) reduced the seed viability of desert horsepurslane 
(Trianthema portulacastrum) by 40% but did not greatly affect the seed viability of 
buttonweed (Borreria articularis) (Kasera and Sen, 1986). 
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Herbicide application to reduce seed production and/or germination and viability 
usually requires the herbicide to be applied early in reproductive development (i.e. - early 
bloom, early fruit) as opposed to later (i.e. - late fruit) (Biniak and Aldrich, 1986; Isaacs et 
al., 1989). Seed development in plants involves a phase of rapid growth and differentiation 
and a maturation phase with rapid accumulation of reserve materials (Bewley and Black, 
1994; Egli, 1998; Smith, 1984). Herbicidal effects on plant metabolism during seed 
maturation may affect seed growth rate and eventual development and maturation (Egli, 
1998). Changes in carbon partioning can also lead to abortion of some developing embryos 
to assure viability and vigor of remaining embryos (Wardlaw, 1990). 
Glyphosate may limit germination, viability, and seedling vigor by inhibiting 
aromatic amino acids, such as tryptophan, phenylalanine, and tyrosine, important in the 
synthesis of proteins. Seed protein analysis performed on cowpea (Vigna unguiculata) 
showed a large increase in seed protein content between 10 and 11 days after flowering 
(Cerdeira et al., 1985). Cerdeira et al. (1985) believe that the proteins accumulated at this 
time are the key storage proteins in the cowpea seed due to marked increases in seed proteins 
at that time. Treatment with glyphosate at seven and 10 days after flowering inhibited 
accumulation of these major storage proteins while treatments at 11 days after flowering or 
later did not inhibit protein accumulation as much. Glyphosate application just before the 
accumulation of the major storage proteins in the seed could disrupt aromatic amino acid 
synthesis enough to significantly affect storage protein accumulation and therefore seed 
viability, germination, and emergence. However, this herbicide application timing would be 
hard to accomplish due to the differential flowering of weed populations in a field. 
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Applications of 2,4-D to curly dock (Rumex crispus L.) before, during, and after 
flowering demonstrated that application timings 12 days before flowering prevented viable 
seed production (Maun and Cavers, 1969). Treatments at flowering and seven days after 
flowering resulted in some seed production but significantly reduced germination compared 
to the untreated controls. Treatment 34 days after flowering had no effect on the seed 
viability or number of seeds produced. Green Lorch ( 1983) demonstrated that late-season 
2,4-D applications before full flowering of velvetleaf (Abutilon theophrasti Medicus) and 
common cocklebur (Xanthium strumariurn L.) eliminated seed production. 2,4-D 
applications after the full flower stage but before seeds began to mature also reduced seed 
production and viability in these weed species, but less than applications made before full 
flowering. Once the weed seeds began to reach maturity, seed production and viability was 
not reduced. 
When compared to glufosinate (glufosinate ammonium), dicamba (3,6-dichloro-2-
methoxybenzoic acid), paraquat (l,l '-Dimethyl-4,4'-bipyridinium), and AC 263,222 (2-[ 4,5-
dihydro-4-methyl-4-(1-methylethyl)-5-oxo-lH-imidazol-2-yl]-5-methyl-3-pyridinecarboxylic 
acid), glyphosate was one of the best herbicides at reducing weed seed production when 
applied at flowering (Taylor and Oliver, 1997). Glyphosate applied as a 33% solution by 
roller application during early flowering reduced seed production and germination of seed 
produced by 99% and 50% in velvetleaf and 96% and 95% in giant foxtail (Setaria faberi 
Herrm. ), respectively (Biniak and Aldrich, 1986). Similarly, glyphosate reduced sicklepod 
(Cassia obtusifolia) seed production by 84% and emergence of the seed produced by 50% 
(Isaacs et al., 1989). Glyphosate was also shown to be more effective at reducing weed seed 
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germination than chlorflurenol (2-chloro-9-hydroxy-9H-fluorene-9-carboxylic acid) and 
chlorsulfuron (2-chloro-N-[ ( 4-methoxy-6-methyl-1,3,5-triazin-2-yl)aminocarbonyl) 
benzenesulfonamide) (Biniak and Aldrich, 1986). 
Other herbicides have also been shown to effect weed seed characteristics. Field and 
laboratory applications of amitrole (3-amino-1,2,4-triazole) to immature yellow nutsedge 
(Cyperus esculentus) inflorescence showed that the amitrole was effectively translocated to 
the rhizomes and seed and significantly reduced seed germination compared to untreated 
controls (Hill et al., 1962). Amitrole reduced the seed viability of medusahead (Elymus 
caputmedusae L.) by 60 to 100% with rates from 0.5 to 4 lbs/ac (Evans et al., 1963). Maleic 
hydrazide (1, 2-dihydropyridazine-3,6-dione) and dalapon (2,2-dichloropropionic acid) 
reduced seed viability of medusahead also. These studies illustrated that the best application 
timing to reduce the viability, germination, and seed production was early in the seed 
developmental processes. 
Full and half rate applications of 2,4-D and dalapon applied near flowering resulted in 
very high reductions in seed production due to plant death (Fawcett and Slife, 1978; Rojas-
Garciduenas and Kommedahl, 1960). The viability of the seed produced was not 
significantly different than control plants due to maturation before treatment applications, but 
common lambsquarters ( Chenopodium album L.) and redroot pigweed (Amarathus 
retrojlexus L.) showed an increase in dormancy (Fawcett and Slife, 1978). Decreased 
dormancy more rapidly depletes weed seed banks and viability decreases quicker in non-
dormant seeds (Taylorson, 1970). 2,4-D applications did not alter dormancy in velvetleaf 
(Green Lorch, 1983). Overall, velvetleaf seedlings from plants treated with 2,4-D showed 
half as much vigor as controls due to increased abnormal seedlings. Interestingly, Rojos-
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Garciduenas and Kommedahl (1960) found significant increases in germination of seed 
collected from redroot pigweed plants treated with sub-lethal doses of 2,4-D. Similar results 
were found with 2,4-D on common lambsquarter (Hume and Shirriff, 1989). Common 
lambsquarter plants were weaker and less competitive, took longer to flower and mature, and 
produced lower seed numbers but the seeds that were produced were larger than seeds from 
untreated controls. Slender amaranth (Amaranthus viridis L.) treated with diuron (N-(3,4-
dichlorophenyl)-N,N-dimethyl urea) also exhibited decreased growth and increased 
germination over untreated controls (Singhal and Sen, 1981). 
Environmental conditions before or during seed fill can alter the number of seeds 
produced by limiting plant size thus limiting resources for the production of progeny (Egli, 
1998). Difenzoquat (1, 2-dimethyl-3,-3,5-diphenyl-lH-pyrazolium) increased the growth of 
slender amaranth but decreased the germination, as a percent of viable seed, to half of the 
untreated control (Singhal and Sen, 1981 ). Amitrole completely eliminated viability of all 
slender amaranth seed produced. 
Henzell et al. (1985) analyzed effects of different herbicides and growth regulators on 
mouseearcress (Arabidopsis thaliana) progeny. Sub-lethal concentrations of amitrole 
accumulated in the seed and had the greatest effect on progeny. Sub-lethal doses of atrazine 
(2-chloro-4-( ethylamino )-6-(isopropylamino )-s-triazine ), diuron, bromacil ( 5-bromo-3-sec-
butyl-6-methyluracil), and monuron (N-(4-chlorophenyl)-N,N-dimethylurea) also reduced 
seed germination by 50% to 99%. Reduced rates (l/2x) ofbentazon (3-(1-methylethyl)-lH-
2, l ,3-benzothiadiazin-4(3H)-one-2,2-dioxide) reduced the viability and germination of 
common cocklebur (Zhang and Cavers, 1994). Photosynthetic inhibitors affected the seed by 
reducing photoassimilate flow to the seed thereby limiting the amount of storage compounds 
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in the seed. Henzell et al. (198S) noted that the herbicides with indirect effects had the 
greatest effects on progeny by interfering with seed development. Glyphosate also reduced 
germination by 46% in the progeny of the treated plants. There was no correlation between 
the toxicity of an herbicide to the parent plants and the herbicides ability to affect the 
progeny (Henzell et al., 198S). Amitrole had a large effect on the progeny, but was not very 
toxic to the mother plant. 
Research with early maturing soybean varieties and pre-harvest desiccants found that 
the use of early maturing soybean varieties could aid in the reduction of weed seed viability 
and germination due early harvest dates before weed seed maturation. Desiccant herbicides 
(chlorimuron) also reduced the time available for development thereby reducing the 
germination and growth of the weed seedlings produced (Bennett and Shaw, 2000). A study 
looking at four harvest-aid herbicides (AC 263,222, glufosinate, glyphosate, paraquat) 
showed that all herbicide treatments reduced seed production, germination, and percent 
normal seedlings of sicklepod when applied before seed maturity (Ratnayake and Shaw, 
1992b ). Glyphosate applied at the RS soybean stage reduced the percentage of normal 
seedlings by 69%. 
Glyphosate applied at S60 g ai/ac on a non-glyphosate resistant soybean crop reduced 
soybean seed germination by 62% when applied at RS, R6, and R 7 but not R8 soybean stage 
(Jeffery et al., 1981; Ratnayake and Shaw, 1992a; Whigham and Stoller, 1979). At R8 
soybean stage, the soybean seed is considered to be fully mature and dry. Whigham and 
Stoller (1979) accounted for reduced seed germination with glyphosate translocation and 
accumulation in developing embryos and meristems. The same effects were also seen in 
com (Zea mays L.) when glyphosate applications occurred before black layer (at about 32% 
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moisture) (Jeffery et al., 1981). Southernpea (Vigna unguicalata L.) also showed reduced 
seed quality when immature plants were treated with glyphosate (Cole and Cerdeira, 1982). 
Southernpea seed gave 100% germination under standard lab germinating conditions while 
field emergence was significantly reduced indicating a loss in seed vigor due to the 
glyphosate treatment. Glyphosate used as a desiccant on grain sorghum (Sorghum bicolor) 
reduced germination at all rates over 2240 g/ha (Bovey et al., 1975; Gigax and Burnside, 
1976). 
Herbicide applications are most effective at reducing weed seed viability, 
germination, dormancy, and seed production at or around the time of flowering at a non-
lethal rate. Herbicides applied at or near physiological maturity of the seed do not have any 
affect on the seed characteristics of the seed produced while applications before this time 
seem to be more effective at altering some of the seed characteristics discussed. The period 
between flower formation and seed maturity is a critical time where environmental effects, 
such as herbicide applications can directly affect seed characteristics. However, herbicide 
applications before flowering may still indirectly affect seed characteristics by affecting plant 
growth (i.e. - size, leaf area, seasonal photosynthesis). 
Soybean Yield 
All management decisions made by a grower throughout the growing season are 
focused on optimizing crop yield. The main concern for growers using reduced rates and/or 
later herbicide application timings is the possible effects on crop yield due to increased weed 
interference. Soybean yield reductions due to weed interference tend to vary with weed 
species, weed density, and length of interference (Barrentine and Oliver, 1977). Season-long 
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weed interference has not been shown to delay soybean maturity or reduce plant population, 
but does decrease soybean height by 10% and yield by 68% (Bloomberg et al., 1982; Eaton 
et al., 1973; Jackson et al., 1985; Krausz et al., 2001; McWhorter and Hartwig, 1972; 
Moolani et al., 1964; Shurtleff and Coble, 1985a; Shurtleff and Coble, 1985b; Staniforth and 
Weber, 1956). Jackson et al. (1985) found decreased soybean populations and severe 
soybean yield losses were weed populations were high. Decreases in soybean population 
and yield were mainly due to weed interference with soybeans for light, water, and nutrients. 
A reduction in the number of pods per plant is the main yield component affected by weed 
interference (Eaton et al., 1973; Moolani et al., 1964). Therefore herbicide application needs 
to take place before soybean yield is affected by the weeds. 
Soybean yield reductions due to weed interference are decreased if the soybeans are 
able to emerge and become established before the weeds (Bloomberg et al., 1982; Shurtleff 
and Coble, l 985b ). Four weeks of broadleaf and grass weed competition after soybean 
emergence has not been shown to affect soybean yield under well-watered conditions (Eaton 
et al., 1976; Hagood et al., 1980; Jackson et al., 1985; VanGessel et al., 2000). After this 
time, soybean yield reductions will occur. The four week window of interference depends on 
weed species and density (Barrentine and Oliver, 1977). Weed interference after the 
reproductive stages of the soybean plant begins can drastically reduce yield (Eaton et al., 
1973; Knake and Slife, 1969; Staniforth and Weber, 1956; Stoller et al., 1987; Weber and 
Staniforth, 1957). 
Soybean yield reductions associated with weed interference were most dramatic when 
soil moisture was limited (Barrentine, 1974; Eaton et al., 1976; Geddes et al., 1979; Hagood 
et al., 1980; Jackson et al., 1985; Staniforth and Weber, 1956). For example, common 
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cocklebur water uptake was twice that of soybeans (Jones Jr. and Walker, 1993). Soybean 
yield reductions were also more pronounced with broadleafweeds than grasses (Jackson et 
al., 1985; McWhorter and Hartwig, 1972; Staniforth and Weber, 1956). This can be due to 
the larger shading effect ofbroadleaves. Soybean yield losses were highly correlated with 
weed leaf area and canopy diameter (Pike et al., 1990). The most serious yield reductions 
came from species that grew taller and shaded the soybean plant from light (Eaton et al., 
1973; Weber and Staniforth, 1957). Soybeans are a source-limited crop and yields rely 
heavily on the amount of seasonal photosynthesis for the soybean canopy (Christy and 
Porter, 1982). Shading by weeds reduces photosynthesis and therefore causes flower and 
pod abortion on the soybeans. While broadleaf weed populations tend to cause significant 
yield reductions after four weeks of competition, high populations of weeds need to be 
controlled earlier than four weeks after emergence to avoid crop yield losses (Jackson et al., 
1985). Yield reductions were ten times greater at nine weed plants/ft. of soybean row versus 
three weed plants/ft. of soybean row (Weber and Staniforth, 1957). 
Herbicide rates can also affect the yield potential of a crop. A labeled rate of 
glyphosate gave soybean yields six-times greater than untreated checks (Lanie et al., 1994). 
A 2/3x rate showed significant yield reductions compared to the full rate. Glyphosate does 
not cause injury to glyphosate resistant soybean varieties regardless of application rate and 
timing (Delannay et al., 1995; Tingle et al., 1996; Wait et al., 1999). Lack of herbicide injury 
demonstrates that yield losses are due to the weed competition. 
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Glyphosate 
Glyphosate is a foliar applied, non-selective herbicide used to control more than 300 
annual and perennial weed species (Franz et al., 1997). It was discovered as a potential 
herbicide in 1971 by Monsanto Agricultural Products Company (Franz et al., 1997; 
Grossbard and Atkinson, 1985). Glyphosate was released in the United States in 1974, but 
its use in crops has greatly increased since 1996 when glyphosate was labeled for use in 
glyphosate resistant soybeans (Delannay et al., 1995; Franz et al., 1997; Grossbard and 
Atkinson, 1985). Glyphosate is absorbed through the plant foliage and translocated rapidly, 
either acropetally or basipetally, via the apoplasm and symplasm (Foley et al., 1983; Franz et 
al., 1997; Gottrup et al., 1976; Sprankle et al., 1975; WSSA, 1983). Movement of glyphosate 
in the plant is primarily through the phloem with the photosynthates (Franz et al., 1997; 
Sprankle et al., 1975). This translocation pattern, therefore, follows a sink to source 
relationship and leads to the accumulation of glyphosate in the meristematic tissues. 
Glyphosate metabolism in plants is very slow or does not occur (Franz et al., 1997). 
Glyphosate affects the shikimic acid pathway in plants. The shikimic acid pathway 
target site is of major importance in the plant. The pathway leads to the biosynthesis of 
tryptophan, phenylalanine, tyrosine and many secondary products and an estimated 20% of 
the carbon fixed by the plant is routed through the shikimic acid pathway (Cobb, 1992; Cole, 
1985). The blockage of the shikimic acid pathway may also lead to even more diversion of 
carbon into the pathway due to the lack of feedback regulation of the pathway. The 
glyphosate molecule works in the plant by binding with 5-enoyl-pyruvyl shikimic acid 3-
phosphate synthase (EPSPS). Normally this enzyme binds with phosphoenolpyruvate (PEP). 
It is believed that the phosphate on the glyphosate molecule acts as a competitive inhibitor of 
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PEP on the EPSPS enzyme. The competitive interaction of the glyphosate molecule with 
EPSPS leads to the accumulation of shikimic acid 3-phosphate, which is the substrate of the 
EPSPS enzyme that leads to the formation of 5-enoyl-pyruvyl shikimic acid 3-phosphate 
(EPSP) (Cobb, 1992; Cole, 1985). The blockage in the shikimic acid pathway stops the 
production of important aromatic amino acids which eventually reduces protein synthesis 
leading to a slow death of the plant (Cole, 1985). This blockage leads to the uncontrolled 
formation of shikimic acid, which drains carbon skeletons away that are normally used for 
ammonia detoxification. A decrease in the amount of carbon available for respiration limits 
the substrate for ammonia assimilation which leads to toxic levels of ammonia in the plant 
(Cole, 1985). This lack of ammonia detoxification can lead to the accumulation of toxic 
amounts of ammonia in the plant (Cole, 1985). 
Glyphosate disruption of the shikimic acid pathway and the subsequent production of 
aromatic amino acids in the plant is important, especially during seed formation and filling. 
Amino acids and sucrose are transported to the seed from the plant for synthesis of storage 
materials (Egli, 1998). Limited amino acid import would limit the amount of storage 
proteins accumulating in the seed, which could limit seedling growth and viability (Cerdeira 
et al., 1985). A disruption in the carbon flow through the plant could have an effect on how a 
seed develops on the mother plant. Late in the season, annual weed species devote most of 
their resources to the seed. An alteration in the carbon flow to this sink by glyphosate 
activity on the shikimic acid pathway could lead to underdeveloped, non-viable progeny. 
The seed is dependent on the mother plant to supply raw materials to form storage materials 
in the seed, so anything affecting plant growth can affect seed growth (Egli, 1998). 
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Although glyphosate offers broad spectrum control and is essentially non-selective, it 
is not perfect in controlling weeds. In fact, velvetleafhas been identified as having some 
tolerance to glyphosate (Kapusta et al., 1994). Lack of proper application timing and 
reduced rates of glyphosate can also lead to a decrease in control (Baldwin, 1995; Gunsolus, 
2002). Like other post-emergence applied herbicides, glyphosate efficacy can be influenced 
by environmental conditions (Caseley, 1972; Devine et al., 1983; Jordan, 1977; McWhorter 
and Azlin, 1978; McWhorter et al., 1980). Environmental conditions that support rapid 
growth and metabolism (high light, high temperature, high relative humidity) aid in the 
uptake, translocation, and efficacy of the herbicide (Caseley, 1972; Clor et al., 1962; Gottrup 
et al., 1976; Jordan, 1977; McWhorter et al., 1980). Jordan et al. (1997) demonstrated that 
control of some weed species, such as redroot pigweed, was fairly consistent in response to 
rate and application timing, whereas control of other species, such as velvetleaf, was only 
consistent when application was at an early growth stage of the weed. 
Common Waterhemp 
Common waterhemp (Amaranthus tuberculatus Sauer) is an annual small-seeded 
broadleaf species that reproduces by seed, is dioecious, and grows up to eight feet tall (Wax 
et al., 1981 ). Common waterhemp flowers from late July through September with the entire 
upper portion of the plant usually containing the small flowers (Wax et al., 1981 ). Relative 
to other annual weed species, common waterhemp emerges late and continually throughout 
the growing season (Buhler et al., 1997; Wait et al., 1999). Due to the late and continual 
emergence of common waterhemp sequential herbicide applications provide better weed 
control and yield than a single earlypostemergence application (Wait et al., 1999). Narrower 
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row spacings also help to suppress common waterhemp emergence due to earlier canopy 
formation (Young et al., 2001). 
Redroot pigweed is a close relative of common waterhemp and often requires similar 
control tactics. Jordan et al. (1997) evaluated nine different grass and broadleaf species and 
found redroot pigweed to be the most sensitive to glyphosate. Redroot pigweed control was 
better with earlier application timings. Amaranth species are very competitive due to rapid 
growth and development of above and below ground parts (Davis et al., 1967). Redroot 
pigweed can develop 88% of its mature root profile area in 10 weeks and produce up to 
230,000 seeds per plant (Davis et al., 1967; Stevens, 1955). 
Velvetleaf 
Velvetleafis a large-seeded, C3 broadleafweed that infests most com and soybeans 
production areas in the United States. Velvetleaf is a highly photoperiodic, short-day species 
(Oliver, 1979). It is an annual species that reproduces via seed and can grow as tall as 4 to 7 
feet (Jennings, 1976). Velvetleafusually flowers from early August through September and 
is able to produce mature seeds 20 days after self-pollination (Lorenzi and Jeffery, 1949; 
Winter, 1960). Flowers are usually fertilized the day they open (Warwick and Black, 1988). 
Seeds are borne in a cup-shaped capsule containing 10 to 15 smaller compartments that can 
hold up to three seeds (Jennings, 1976; Warwick and Black, 1988). 
As with many weed species in the United States, velvetleaf was introduced to 
America, from China, as a potential crop. Velvetleafwas intended to be used as a fiber crop 
in the colonial period (mid-1700s ), but due to lack of efficient fiber extraction methods, its 
use as a crop diminished (Li, 1970; Spencer, 1984). 
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Velvetleaf is a very successful weed species. Its success is attributable to: large 
amounts of seed produced, highly viable seeds, prolonged dormancy, continuous seed 
germination in the soil, high seedling vigor, and strong ability to produce seed under 
competitive conditions (Warwick and Black, 1988). Spencer (1984) reported 38% of the 
total soybean acres and 33% of the total com acres in the U.S. are infested with velvetleafto 
the point where control tactics are needed. In 1984, annual control costs for velvetleaf were 
around $343 million annually. 
Velvetleaf produces a high number of dormant seeds that can proliferate a seed bank 
and cause control problems for many years. A major dormancy mechanism for velvetleaf is 
its hard, impermeable seed coat (LaCroix and Staniforth, 1964). The physical barrier of the 
seed coat appears to be due to a dense palisade layer in the seed coat, which causes an 
impermeability to water (Warwick and Black, 1988). Velvetleaf seed is able to remain 
viability very well in the soil compared to other species. After 5.5 years in the soil, 36% of 
the velvetleaf seed population was still viable (Egley and Chandler, 1983). Warwick and 
Black ( 1988) suggest velvetleaf seed may remain viable for up to 50 years in the soil due to 
its ability to maintain dormancy. LaCroix and Staniforth (1964) showed that about 10% of 
freshly harvested seed were non-dormant due to cracking of the seed coat from a rapid dry 
down period during maturation. Other studies have shown that as much as 8% of some 
velvetleafpopulations may also show some embryo dormancy (Warwick and Black, 1988). 
Environmental stresses, such as shading, can lower the amount of dormancy in velvetleaf 
seed (Bello et al., 1995). 
Velvetleaf populations also have a great capacity for seed production. At low plant 
populations (5 to 10 plants/m2) velvetleafplants may produce as many as 8,000 to 10,000 
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seeds/m2 (Zanin and Sattin, 1988). Other work has shown that as many as 17,000 seeds can 
be produced from a single plant (Chandler and Dale, 1974; Warwick and Black, 1988). 
Stevens (1955) estimated production to be at 4,300 seeds per plant. Differences in seed 
production numbers can be due to weed populations. Samples taken from a continuous com 
field show that there can be as many as 51 million viable velvetleaf seed/ha in the top 20 cm 
of soil (Khedir and Roeth, 1981). Further sampling showed an increase of 16 million seeds 
to the seed bank from August to November, with 70% found in the top 10 cm of the soil. 
Lindquist et al. (1995) found that around 6.8% of the total seeds in the seed bank consistently 
emerged every year. Chandler and Dale (1974) showed that velvetleaf seed could emerge 
from depths of 7 .6 cm in the soil. Tillage practices can reduce viable velvetleaf seed 
populations in the soil (Lueschen et al., 1993). 
Velvetleaf is highly competitive in soybeans and has been identified as one of the I 0 
most troublesome and costly weeds in soybeans in the North Central Region (Hagood et al., 
1980; Shaw et al., 1979; Spencer, 1984). Staniforth (1965) showed velvetleafto be twice as 
competitive with crops as green foxtail (Setaria viridis (L.) Beauv.) or yellow foxtail (Setaria 
glauca (L.) Beauv. ). Velvetleaf can also cause crop losses through allelopathic effects and 
by harboring insects and pathogens of crops (Warwick and Black, 1988). 
Soybean dry weight, leaf area index, pod number and seed yield were reduced at 
densities as low as 2.5 plants/m2 when the soybeans and velvetleaf emerged at the same time 
(Hagood et al., 1980). Velvetleaf densities of 130 and 204 plants/m2 emerging at the same 
time as soybeans reduced yield by 66% compared to weed free plots (Eaton et al., 1976). 
Similar studies found yield reductions of 57% at 40 velvetleaf plants/m2 (Hagood et al., 
1980) and 27 to 31 % at 1 to 3 plants 30/cm of row (Oliver, 1979; Staniforth, 1965). Eaton et 
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al. (1976) attributed the high competitive ability ofvelvetleafto large amounts of dry matter 
accumulation and tall plant heights (1to3m). These studies also concluded that velvetleaf 
emerging 20 days after soybean emergence did not inhibit soybean growth or yield (Eaton et 
al., 1976; Hagood et al., 1980). Soybean yield was not significantly reduced with twelve 
weeks of velvetleaf competition but soybean growth rate was reduced after eight weeks 
(Oliver, 1979). 
Common Cocklebur 
Common cocklebur is a large-seeded broadleafweed species that is very competitive 
with soybean crops in the Midwest and Southern states and is listed among the world's worst 
weeds.(Holm et al., 1977). Common cocklebur are short-day, C3 plants that flower from 
August through October and mature in the fall (Holm et al., 1977; Lorenzi and Jeffery, 1949; 
Weaver and Lechiwicz, 1982). Male and female flowers are separate but borne together in 
clusters where the male heads are located above the female heads (Weaver and Lechiwicz, 
1982). The fruit consists of two female flowers in a tough, spiny, hairy bract that becomes 
two seeds, one bigger than the other, in a hard, woody bur (Abbas et al., 1999; Weaver and 
Lechiwicz, 1982). The larger seed of the two (or lower) tends to germinate first while the 
smaller (or upper) seed will germinate in later years (Jennings, 197 6). Both seeds show 
dormancy but the upper one tends to have more than the lower (Holm et al., 1977). 
Common cocklebur grow 2 to 3m tall and form dense canopies that reduce sunlight 
penetration to the soybeans while roots can occupy an area of 4.3m on each side of the row 
and 2.9m deep (Davis et al., 1967; McWhorter and Azlin, 1978). Common cocklebur have 
greater shade tolerance than other large broadleaf weeds such as velvetleaf (Regnier and 
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Stoller, 1989; Regnier and Harrison, 1993). Barrentine (1974) showed that when soybeans 
and common cocklebur emerge at the same time they can compete for up to four weeks 
without significant yield reductions. Common cocklebur planted into soybean plots after 
emergence showed no significant effect on soybean height, node number, canopy width, or 
yield (Rushing and Oliver, 1998). As common cocklebur population and period of 
interference time increased, soybean yields declined. Common cocklebur has a higher rate of 
biomass accumulation than most weeds and soybeans the first two weeks after emergence 
(Monks and Oliver, 1988; Mosier and Oliver, 1995). Compared with four other weed 
species, common cocklebur was the most competitive weed species (Mosier and Oliver, 
1995; Shurtleff and Coble, 1985b ). 
Soybean yield losses from common cocklebur infestations are mainly due to shading 
effects and below ground competition for water and nutrients (Mosier and Oliver, 1995; Pike 
et al., 1990; Regnier et al., 1989; Shurtleff and Coble, 1985a). Dry matter production and 
leaf area index of common cocklebur are greater than that of soybean (Geddes et al., 1979). 
Early season soybean interactions with common cocklebur resulted in 15% yield reductions 
(Henry and Bauman, 1989; Shurtleff and Coble, 1985a). A single common cocklebur plant 
within 25cm of soybean plants can reduce soybean biomass and yield (Monks and Oliver, 
1988). Other studies have found 25 to 65% yield loss due to common cocklebur densities 
ranging from 1.5 to 0.3m between common cocklebur plants respectively (Marwat and 
Nafziger, 1990; Mosier and Oliver, 1995; Pike et al., 1990; Rushing and Oliver, 1998). Full 
season competition from common cocklebur at populations of 10 plants per meter of row 
resulted in an 80% yield loss in soybeans (Barrentine and Oliver, 1977). Yield losses of 63% 
to 75% were reported at common cocklebur populations of 7,400 to 16,500 plants/ha 
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respectively (McWhorter and Hartwig, 1972). In general, soybean yields tend to show a 6% 
decrease with every 10% loss in common cocklebur control (Anderson and McWhorter, 
1976). 
The success of common cocklebur populations can depend greatly on management 
practices such as tillage regimes. Common cocklebur populations tend to be higher with 
tillage systems involving soil disturbance than in no-till systems (Bararpour and Oliver, 
1998; Vencill and Banks, 1994). It can germinate from up to six inches deep while only a 
very small percentage of burs on the soil surface will germinate (Bararpour and Oliver, 1998; 
Barrentine and Oliver, 1977). Experiments showed a 94% decrease in emergence of 
common cocklebur in no-till systems. Decreased germination of common cocklebur under 
no-till systems may be attributed to less seed-to-soil contact due to the anatomy of the bur. 
Common cocklebur plants can make large annual additions to the soil seed bank but 
common cocklebur seed does not remain viable in the soil for long. Common cocklebur seed 
is only viable in the soil for about three years (Bararpour and Oliver, 1998; Egley and 
Chandler, 1978; Egley and Chandler, 1983; Jennings, 1976). Bararpour and Oliver (1998) 
found that the emergence of common cocklebur, from an initial population that was allowed 
to produce seed, was negligible after two years. 
While incomplete control of common cocklebur may not significantly reduce soybean 
yields in all situations, allowing plants to survive and produce burs can be costly to a soybean 
producer in other ways such as harvesting problems and grading losses. Soybean grade 
deductions start at 1 % foreign material (Mc Whorter and Anderson, 197 6a). Research has 
shown that 93 to 95% control of common cocklebur has to be obtained to achieve less than 
1 % foreign material in the harvested soybeans (Anderson and McWhorter, 1976; Ellis et al., 
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1998; Mc Whorter and Anderson, 1976a; Mc Whorter and Anderson, 1976b ). Common 
cocklebur can cause other soybeans grade deductions including: increased moisture content, 
damaged seed, split seeds, and decreased test weight. All of these components increased 
with decreasing common cocklebur control and lead to decreased market value of the 
soybeans (Anderson and McWhorter, 1976; Ellis et al., 1998; McWhorter and Anderson, 
1976a; McWhorter and Anderson, 1976b). 
Herbicide Rates 
Growers are seeking ways to lower input costs and widen profit margins due to low 
commodity prices and growing input costs. Reduced rates of postemergence herbicides can 
sometimes be used effectively to control weed populations while lowering input costs. It has 
been suggested that manufacturer recommended rates are higher than what is needed for 
effective weed control (greater than 90%) (Dieleman and Mortensen, 1998). Kudsk and 
Streibig (2003) believe that labeled rates are set to work under less than ideal conditions and 
note that reduced herbicide rate usage is common in Europe. Integrated management 
techniques and proper environmental conditions make the use of reduced rates more 
successful. Researchers found that 1/4x rates of some postemergence herbicides produced 
yields equal to that oflabeled herbicide rates, although efficacy was reduced (Steckel et al., 
1990). The use of reduced rates may require growers to shift their mentality from one of 
complete weed control to one of placing the crop at a competitive advantage while allowing 
some weeds to survive. Sub-lethal herbicide rates can reduce weed competitiveness in crops 
(Schmenk and Kells, 1998). This mindset, along with the desire to reduce input and 
environmental costs, will lead to increasing use of reduced rates (Dieleman and Mortensen, 
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1998). With reduced rates, application flexibility and efficacy on larger weeds is reduced 
(Smith et al., 1999; Steckel et al., 1990). Weeds that are difficult to control at labeled rates 
will not be effectively controlled with reduced rates (Doll et al., 1992). Dieteman and 
Mortensen (1988) describe four factors that must be considered in using a reduced-rate 
program: (1) weed spectrum, (2) weed developmental stage, (3) environmental conditions, 
and (4) other weed control strategies. Lower weed population densities can aid in the use of 
reduced rates (Dieleman and Mortensen, 1998; Jones et al., 1990; Taylor and Hartzler, 2000; 
Winkle et al., 1981). As weed populations increase, an increased rate is also needed to cause 
equivalent fresh weight reductions (Winkle et al., 1981). Reduced rates will control highly 
susceptible weeds better than weeds that are more tolerant (Kudsk and Streibig, 2003). 
Glyphosate rates of 420 and 840 g ai/ha (l/2x and lx rates, respectively) showed a 
67% and 27% survival rate ofvelvetleaf, respectively, while capsule production and plant 
biomass was reduced by at least 60% and 80%, respectively (Hartzler and Battles, 2001). 
Similarly, glyphosate rates as low as 120 g/ha reduced velvetleaf biomass by 50% (Tharp et 
al., 1999). Ateh and Harvey (1999) reported greater than 90% control with 210 g ai/ha of 
glyphosate on velvetleaf. Rates as low as 420 g ai/ha gave 100% control of velvetleaf at 
early- and mid-application timings (Jordan et al., 1997). Glyphosate applied at 210 g ai/ha 
provided greater than 96% velvetleaf control and greater than 86% control of common 
cocklebur (Wait et al., 1999). Labeled rates and reduced rates of glyphosate provided 
excellent control of common cocklebur (Baldwin, 1995; Barrentine, 1994; Haigler et al., 
1988). Other research showed 60 to 98% control of common waterhemp with rates of 420 to 
840 g ai/ha of glyphosate respectively (Young et al., 2001 ). Increased rates of glyphosate are 
more effective at controlling larger weeds (Jordan et al., 1997). Single application rates of 
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glyphosate from 560 to 1,690 g ai/ha showed acceptable control through four weeks after 
treatment (WAT) but failed to give season-long control (Tingle et al., 1996). 
Soybean yield reductions due to reducing herbicide rates by 50% can be greatly 
reduced or eliminated with the use of at least one timely cultivation (Doll et al., 1992). Yield 
variability increased with reduced rates (Wait et al., 1999). Using reduced herbicide rates is 
risky and usually requires integrated management practices. Reduced rates and integrated 
management practices can control weeds in fields with high weed populations (Doll et al., 
1992; Hopkins et al., 1986). 
Studies conducted with other non-residual, systemic herbicides indicated that reduced 
rates did not give season-long weed control and significantly reduced yields. However, 
sequential applications of the reduced rates resulted in weed control and yields equivalent to 
labeled rates (Defelice et al., 1989). Other reduced rate studies found that sequential 
applications did not significantly increase herbicide efficacy on common cocklebur and 
smooth pigweed (Amaranthus hybridus L.) (Hopkins et al., 1986). Across all environments, 
sequential applications of reduced rates of non-residual herbicides will be more effective than 
a single application. However, single applications can be just as effective as sequential 
applications if environmental factors and crop management practices are conducive to weed 
control. 
Glyphosate applied 210 g ai/ha (1/4x) at bud formation and flowering stage of 
sicklepod reduced seed production by more than 85% (Taylor and Oliver, 1997). Full and 
halfrates of 2,4-D (0.6 and 1.1 kg ai/ha) and dalapon (2.2 and 4.5 kg ai/ha) applied at 
flowering decreased seed production in common lambsquarter, redroot pigweed, and 
jimsonweed (Datura stramoniurn L.) by 64 to 100% (Fawcett and Slife, 1978). There was no 
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reduction in the viability of seed produced by the herbicide treated plants, but there was a 
reduction in the seed vigor of jimsonweed and common lambsquarter. The full rate of 2,4-D 
did, however, decrease the germination and increase the dormancy of common lambsquarter 
seed. The dalapon-treated common lambsquarter and jimsonweed were less dormant. Non-
dormant seed tends to be depleted quicker from the soil seed bank due to decreased viability 
in the soil (Taylorson, 1970). 
A major topic of interest in weed science is the effect of herbicide management and 
management practices on the development of herbicide resistance in weed populations. This 
is especially true with glyphosate. Researchers are still debating the effects of reduced rates 
on the development of herbicide resistance. Some say that reduced rates that are not lethal to 
the weed population could allow the tolerant weeds in the population to survive and produce 
seed, thereby shifting the population towards greater tolerance to the herbicide. Others 
believe that reduced rates maintain susceptible weeds in the population that can produce seed 
and slow the shift to a resistant population of weeds (Dieleman and Mortensen, 1998). 
Scientific research and recent history supports both arguments. The best plan that can be 
used to slow the resistance of weeds to glyphosate is to increase diversity of crop 
management practices and use integrated management tools to combat weed problems in the 
field. 
Herbicide Timings 
Crop fields contain many different weed species that emerge at different times 
throughout the growing season and at different rates of growth. Applying herbicide 
treatments at the proper timings listed on the label for best weed control can be a difficult 
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task. Velvetleaf and common cocklebur tend to emerge around the time of crop planting and 
emergence, whereas common waterhemp tends to emerge well after crop planting and 
emergence (Buhler et al., 1997). A study conducted in Ames showed that by the end of May, 
75% ofvelvetleafhad emerged while only 23% of the common waterhemp had emerged 
(Buhler et al., 1997). Research shows the best control of annual weeds can be achieved with 
reduced rates when application corresponds to young weeds in their most active growth stage 
(Ateh and Harvey, 1999; Buhler and Burnside, 1983; DeFelice et al., 1989; Doll et al., 1992; 
Jordan et al., 1997; Klingaman et al., 1992; Krausz et al., 1996; Kudsk, 2002; Kudsk and 
Streibig, 2003; Steckel et al., 1990; Stoller et al., 1975). But season-long control of weeds 
that germinate continuously throughout the growing season can be difficult to achieve with 
non-residual herbicides such as glyphosate. Cultivation may need to be utilized with early 
application timings of reduced rates (Steckel et al., 1990). Smith et al. (1999) found more 
consistent control of weeds with a mid-season application timings versus early-or late-season 
timings. Soybean yields were maximized at this mid-season timing because early-timings 
had late-season weed competition and late-timings had full-season weed competition that 
reduced yields. 
Application timing influences season-long efficacy and soybean yield (Starke and 
Oliver, 1996; Tingle et al., 1996). Glyphosate applied to two-leaf red rice (Oryza sativa) 
provided only 51 % control four WAT and resulted in only a 56% seed head reduction while 
later applications at the two- to three-tiller stage provided 91 % control and 97% seed head 
reduction (Askew et al., 1998). Early application timings were not as successful in 
controlling red rice as emergence after application occurred allowing for subsequent seed 
production. Later application timings provided enough control to significantly reduce the 
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seed head production and cause malformed seed heads on plants surviving treatments. 
Delayed applications may give more complete weed control, but may have an adverse effect 
on yield (Carey and Kells, 1995). Other research suggested that efficacy was reduced in later 
applications due to more mature leaves and plant material (Buhler and Burnside, 1983; 
Hartzler and Battles, 2001; Krausz et al., 1996). Efficacy can largely depend on the 
environment at application timing and the susceptibility of the weed species. Overall, the 
literature suggests that glyphosate controlled common cocklebur and common waterhemp 
better with delayed application timings, whereas velvetleafwas better controlled with earlier 
applications (Franzenburg et al., 1998; Harvey et al., 1986; Krausz et al., 1996; Young et al., 
2001). Spray coverage and plant interception of herbicide may be more challenging with 
later applications, especially with reduced rates (Dieleman and Mortensen, 1998). High 
populations of weeds also can effect herbicide penetration due to increased cuticular barriers 
formed because of competition with other weeds and the crop for soil moisture that can limit 
herbicide uptake (Dieleman and Mortensen, 1998). Smaller weeds within the canopy may 
not be controlled due to lack of herbicide coverage. 
Researchers working in the Northeastern United States attempted to find optimum 
glyphosate application timings. The best time to apply glyphosate alone to soybeans was 
between the one- and three-trifoliate leaf stages of soybean development or 18 to 28 DAP 
(V anGessel et al., 2000). Mixing the glyphosate with a residual herbicide, such as 
clomazone or imazethapyr, extended this window from soybean cracking the ground to the 
four-trifoliate leaf stage or about 32 DAP. Experiments were conducted under a 
conventional tillage regime with tillage immediately before planting. Ideal timings may be 
different for other tillage regimes weather conditions, and other environmental conditions. 
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Ideal glyphosate application timings may be better explained by using weed heights vs. 
soybean stages to eliminate differences among management practices. 
Conclusions 
Common cocklebur, velvetleaf, and common waterhemp are three of the most 
competitive weeds in Midwest corn and soybean production. Glyphosate is used on 78% of 
the soybean acres planted and is number one in herbicide sales. With increasingly smaller 
profit margins in agriculture and the belief that labeled rates are excessive, established to 
perform under worst-case conditions, soybean producers may reduce herbicide rates. 
However, the use of reduced herbicide rates increases grower risk, reduces application timing 
flexibility, and needs to involve integrated management practices to be successful. The 
success or failure ofreduced herbicide rates can depend upon weed species, density, size and 
environmental conditions. Common cocklebur are better controlled with reduced rates of 
glyphosate due to their high susceptibility whereas velvetleaf and common waterhemp have 
more of a tolerance to glyphosate and may not be as easily controlled with reduced rates. 
The success of glyphosate application timings can depend on weed species, crop species, 
tillage regimes, environment, and management practices. The challenge is to provide season 
long control by applying the herbicide before the competitive effects of the weeds reduce 
yield but late enough in the season to suppress weed re-growth until the soybeans can canopy 
and create unfavorable conditions for weed germination. Differences in species emergence 
times and patterns can lead to problems in achieving a successful one-pass postemergence 
glyphosate application. Velvetleaf and common cocklebur tend to emerge early in the 
season, whereas common waterhemp will emerge later and more continuous throughout the 
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season. Proper control of velvetleaf with glyphosate can be obtained with earlier application 
timings while common cocklebur and common waterhemp are better controlled with later 
timings. With many different weed species present throughout the field, optimal efficacy of 
a single application of glyphosate can be best achieved when utilizing integrated 
management practices which can also help to delay glyphosate resistance problems. 
Glyphosate blocks the shikimic acid pathway in plants resulting in the lack of 
production of three amino acids and a lack of feedback regulation that shunts greater than 
20% of the carbon into a dead end. The shikimic acid pathway blockage can alter the plants 
metabolism and limit the flow of photosynthate to developing sinks. Application of 
glyphosate during seed development may render the seed non-viable or more or less dormant. 
Proper timing of glyphosate applications to affect seed characteristics is very difficult to 
achieve in a field environment. Application near flowering and before seed maturity may 
affect seed development and carbon partioning in the plant. Application after the seed has 
matured will not have an effect on the seed germination or viability. Delay of single 
glyphosate applications until weed flowering is an unreasonable management tactic due to 
the competitive weed effects on crop yield. Applications of glyphosate near weed flowering 
would be more likely to occur if another herbicide or other weed control tactic has been 
applied earlier in the season. Applications before weed flowering may also have indirect 
effects on seed characteristics by limiting plant growth, leaf area, and photosynthesis thus 
limit the resources available to send to the developing seed later in the plants life. 
Reduced herbicide rates may not always have an effect on weed seed germination and 
viability, and dormancy. Sub-lethal herbicide doses affect seed production most often 
regardless of weed species or application timing. Decreased seed production may be a 
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survival mechanism by the weed to produce viable offspring under stressful conditions. The 
plant uses available energy and resources for producing a few viable seeds and aborts all 
other seeds. 
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CHAPTER 1. EFFECT OF GLYPHOSATE APPLICATION TIMINGS 
AND RATES ON WEED CONTROL IN SOYBEANS 
A paper submitted to Weed Technology 
Brent M. Swart, Micheal D.K. Owen, and Allen D. Knapp 
Abstract 
Field experiments were conducted to evaluate the effects of glyphosate application 
timings and rates in soybeans at two locations in Ames, Iowa for two years. Four application 
timings (EPOST, MPOST, LPOST, FLOWER) were used with five glyphosate rates (0, 143, 
285, 570, 1140 g ai/ha) in a randomized complete block split-plot design. Glyphosate rates 
had a significant effect on soybean yield, weed control, and weed growth while application 
timing effects were not consistent. Soybean yields were not significantly different with 
glyphosate rates from 285 to 1140 g ai/ha. The highest soybean yields were obtained with 
the MPOST and LPOST application timings. Weed growth and survival consistently 
decreased and mortality consistently increased with glyphosate rates from 285 to 1140 g 
ai/ha in common cocklebur and common waterhemp but not with velvetleaf. Season-long 
weed control was equal to that of labeled rates of glyphosate with rates as low as 285 g ai/ha 
in common cocklebur but not common waterhemp and velvetleaf. Glyphosate applications 
also delayed flower initiation in velvetleaf. 
INTRODUCTION 
Most soybean production systems in the Midwest use glyphosate as the primary 
herbicide for weed control. Glyphosate is a non-selective, non-residual herbicide used to 
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control more than 300 annual and perennial weed species (Franz et al., 1997). Glyphosate 
was first used in the United States in 1974, but use in crops has greatly increased since 1996 
when glyphosate was labeled for use in glyphosate-resistant soybeans (Delannay et al., 1995; 
Franz et al., 1997; Grossbard and Atkinson, 1985). Glyphosate was applied on 78% of the 
soybean acres in the United States in 2002 and ranked number one in herbicide sales (Kudsk 
and Streibig, 2003; NASS, 2002). Glyphosate herbicide programs are convenient for 
applicators and offer a wide window of application which is attractive to growers, but time 
restraints and environmental factors may still delay applications past the recommended 
application timings. 
The use of reduced herbicide rates has become more prevalent in recent years due to 
decreased profit margins and environmental factors (Norris et al., 2001). Research shows 
that reduced herbicide rates will give sufficient weed control and soybean yields (Ateh and 
Harvey, 1999; Baldwin and Oliver, 1985; Defelice et al., 1989; Devlin et al., 1991; 
Klingaman et al., 1992; Starke and Oliver, 1996; Wait et al., 1999). Baldwin and Oliver 
(1985) reported that many postemergence herbicides could be applied at 1/4 the labeled rate 
and provide similar control to full rates if the reduced rates were applied early, precisely, and 
under favorable conditions. Jordan et al. (1997) found that glyphosate rates could be lowered 
and still provide adequate control depending on weed size and species. Although reduced 
herbicide rates can reduce herbicide costs, producer risks are higher. Net income tends to 
decrease as herbicide rates decrease due to slightly lower yields and more reliance on ideal 
conditions necessary for effective weed control with reduced rates (Wait et al., 1999). 
Relying on total postemergence herbicide applications for weed control involves risks due to 
environmental factors that could delay application timings past label recommendations. 
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Soybean yield reductions due to weed interference vary with weed species, weed 
population, and period of interference (Barrentine and Oliver, 1977). Soybean yield 
reductions due to weed interference are less ifthe soybeans are able to become established 
before the weeds (Bloomberg et al., 1982; Shurtleff and Coble, l 985b ). Under well-watered 
conditions, soybean yields were not affected by four-weeks of grass and broadleaf 
interference (Eaton et al., 1976; Hagood et al., 1980; Jackson et al., 1985; VanGessel et al., 
2000). Weed interference after the reproductive stages of the soybean plant begins can 
drastically reduce yield (Stoller et al., 1987). Soybean yield reductions due to weed 
interference are most dramatic when soil moisture is limited (Barrentine, 1974; Eaton et al., 
1976; Geddes et al., 1979; Hagood et al., 1980; Jackson et al., 1985; Staniforth and Weber, 
1956) and are also more pronounced with broadleafweeds than grasses due to the larger 
shading effect ofbroadleaves (Jackson et al., 1985; McWhorter and Hartwig, 1972; 
Staniforth and Weber, 1956). Soybeans are a source limited crop and yields strongly 
correlated (r=0.86) to the amount of seasonal photosynthesis for the soybean canopy (Christy 
and Porter, 1982). Shading by weeds reduces the total amount of seasonal photosynthesis 
and therefore can be a stringent yield reducer. 
Dieleman and Mortensen (1998) suggested that manufacturer recommended rates are 
higher than what is needed for effective weed control. Kudsk and Streibig (2003) believe 
that labeled rates reflect a requirement to consistently control weeds under the less than ideal 
conditions but note that reduced herbicide rate usage is common in Europe. Research has 
shown reduced herbicide rates to provide sufficient weed control (Ateh and Harvey, 1999; 
Baldwin and Oliver, 1985; Defelice et al., 1989; Devlin et al., 1991; Klingaman et al., 1992; 
Starke and Oliver, 1996; Wait et al., 1999). Integrated management techniques and 
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environmental conditions conducive to plant growth make the use of reduced rates more 
successful. Researchers found reduced rates of some post-emergence herbicides to give 
yields equal to that of full rate herbicides, although weed control was reduced (Steckel et al., 
1990). Dieleman and Mortensen (1988) describe four factors that must be considered when 
using a reduced rate herbicide program: (1) weed spectrum, (2) weed developmental stage, 
(3) environmental conditions, and (4) other weed control strategies. Lower weed populations 
and weed spectrum make the use of reduced herbicide rates more successful (Dieleman and 
Mortensen, 1998; Jones et al., 1990; Taylor and Hartzler, 2000; Winkle et al., 1981). 
Reduced rates control highly susceptible weeds more effectively than tolerant weeds (Kudsk 
and Streibig, 2003). 
The best control of annual weeds with reduced herbicide rates is when young weeds 
are in their most active growth stage (Ateh and Harvey, 1999; Buhler and Burnside, 1983; 
DeFelice et al., 1989; Doll et al., 1992; Jordan et al., 1997; Klingaman et al., 1992; Krausz et 
al., 1996; Kudsk, 2002; Kudsk and Streibig, 2003; Steckel et al., 1990; Stoller et al., 1975). 
However, many weed species germinate continuously throughout the growing season. 
Glyphosate may not give "season-long" weed control when early applications are made. 
Smith et al. (1999) found more consistent weed control with mid-season glyphosate 
application timings versus early or late-season timings. Application timing influences 
season-long weed control and soybean yield (Starke and Oliver, 1996; Tingle et al., 1996). 
Delayed applications may give better "season-long" weed control, but may have negative 
effects on yield (Carey and Kells, 1995). Glyphosate control of common cocklebur and 
common waterhemp was better with delayed application timings, whereas velvetleaf is better 
controlled with earlier applications (Franzenburg et al., 1998; Harvey et al., 1986; Krausz et 
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al., 1996; Young et al., 2001). The objective ofthis study was to determine the effects of 
glyphosate application timing and rate on weed growth, length of weed control, and soybean 
yields. 
MATERIALS AND METHODS 
Field research was conducted in 2002 and 2003 at the Curtiss Research Farm at Iowa 
State University in Ames, IA. In 2002, the experiment was established in Field 9 and Field 
7, whereas in 2003 only Field 9 was used. The soil was a Clarion loam (Fine-loamy, mixed, 
mesic Typic Hapludoll) with a pH of 6.8 and 4.3% organic matter. The experimental area in 
Field 9 was infested with common cocklebur, velvetleaf, and common waterhemp while 
Field 7 had common cocklebur and velvetleaf. Tillage consisted of fall chiseling followed by 
two passes with a field cultivator before planting. In 2002, experiments were planted to 
soybean cultivar AG 2402 RR1 on May 24 at a depth of3 cm in 76 cm wide rows and a 
population of 381,000 seeds/ha. In 2003, experiments were planted to soybean cultivar AG 
2403 RR1 on May 23 at a depth of3 cm in 76 cm rows and a population of 373,000 seeds/ha. 
Sub-plot size was 3.0 m by 6.7 min 2002 and 3.0 m by 5.0 min 2003. In 2002, clethodim 
( (g,E,)-(± )-2-[ 1-[[ (3-chloro-2-propenyl)oxy ]imino ]propyl]-5-[2-( ethylthio )propyl]-3-
hydroxy-2-cyclohexen-1-one)2 was applied to all plots at 105 g ai/ha along with crop-oil 
concentrate (COC)3 at 1.0% v/v in 187 L/ha of water when grasses reached 2.5 cm to 10 cm 
in height. The clethodim was applied on June 7 in Field 9 and on June 14 in Field 7 with the 
intended purpose to eliminate grasses in the experiment and allow focus on the broadleaf 
1 Asgrow Soybeans, Monsanto Company, 700 Chesterfield Parkway North, St. Louis, MO 63198 
2 Select, Valent U.S.A. Corporation, 1333 N California Blvd. #600, Walnut Creek, CA 94596-8025 
3 Premium Crop-Oil Concentrate manufactured for United Suppliers, Inc., Eldora, IA 50627 
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species of interest. In 2003, cups were placed over previously tagged broadleafweeds and 
the experimental area was over sprayed with 1140 g ai/ha of glyphosate4 in 187 L/ha. This 
was done to eliminate all weeds except 20 plants per species per sub-plot. Sub-plots were 
then hand-weeded to maintain only these weeds until the treatments were applied. There was 
no hand-weeding after treatments were applied. 
The experiment was a four by five factorial of glyphosate application timing and rate 
conducted as a split-plot of a RCBD with four replications in 2002 and three replications in 
2003. The whole plot timings consisted of: early postemergence (EPOST), mid-
postemergence (MPOST), late postemergence (LPOST), and weed flowering (FLOWER). 
Timings were based on weed heights: EPOST 8-10 cm, MPOST 15-20 cm, LPOST 25-30 
cm, and FLOWER (flowering of velvetleaf and common waterhemp ). Velvetleaf and 
common waterhemp flowering occurred during the same period, while common cocklebur 
flowered two to three weeks later. Application rates were the sub-plots and consisted of 
glyphosate rates of 143, 285, 570, 1140 g ai/ha. An untreated control sub-plot was also 
included within each whole plot timing. All glyphosate treatments were applied with 2.2 
kg/ha ammonium sulfate (AMS)5. Herbicide treatments were applied using a compressed 
C02 backpack sprayer system with 11002 flat-fan nozzles6 delivering 187 L/ha water at 207 
kPa. 
Application dates, weed heights, soybean growth stages, and environmental 
conditions at each application timing for both years are presented in Table 1. In 2002, weed 
populations before treatment averaged 30 common cocklebur/m2, 11 velvetleaf/m2, and 345 
4 Roundup Ultra Max, Monsanto Company, 700 Chesterfield Parkway North, St. Louis, MO 63198 
5 Sprayable Ammonium Sulfate manufactured for United Suppliers, Inc., Eldora, IA 50627 
6 XR Teejet 11002 flat-fan nozzles, Spraying Systems Co., Wheaton, IL 60189 
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common waterhemp/m2 in Field 9. Field 7 averaged 24 common cocklebur/m2 and 22 
velvetleaf/m2 in 2002. In 2003, weed populations before treatment were 20 plants of each 
species per sub-plot. Glyphosate weed control was evaluated visually on a scale of 0% to 
10% (no weed control), 10% to 40% (slight weed control), 40% to 70% (moderate weed 
control), 70% to 90% (good weed control), and 90% to 100% (excellent weed control). 
Growth parameters recorded included weed leaf number and weed height. Plants killed by 
glyphosate were given a leaf number and height measurement of zero. Weed control was 
observed from the entire sub-plot area and growth data was recorded for five randomly 
selected plants per species per sub-plot that were tagged before treatment. Weed control and 
growth measurements were taken 2, 4, and 6 weeks after treatment (WAT). Soybeans were 
mechanically harvested for yield from the middle two rows of each sub-plot, weighed, and 
the grain yield was adjusted to 13% moisture. 
Data was subjected to ANOVA at the 0.05 probability level and analyzed using the 
SAS system 7• Data from both years was analyzed separately using PROC GLM procedure to 
identify significant main effects and interactions of glyphosate timing and rate on each 
species. Percentages were transformed and analyzed using the arcsine transformation. 
Results of the transformed data analysis were not different from the non-transformed data 
analysis. The non-transformed data was used in the final analysis and means from the non-
transformed data are presented. Mean separation was conducted using Fisher's Protected 
LSD (P :::; 0.05). 
7 Statistical Analysis Systems by the SAS Institute Inc., Cary, NC 27513-2414, Version 8.2, Copyright 1999-
2001 
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RESULTS 
In 2003, a supplemental field experiment was performed to ensure that glyphosate 
weed control was not affected by the clethodim applied previous to glyphosate treatments. 
Clethodim did not significantly affect glyphosate weed control on any species when 
glyphosate was applied from zero to eight days after the clethodim application (Appendix 1 ). 
It was noted that a longer delay between glyphosate and clethodim applications resulted in 
higher broadleaf weed population densities compared to plots that did not receive clethodim. 
This difference may have been due to decreased competition by eliminating grass species 
thus allowing higher broadleaf population densities. 
Weed control 
Glyphosate weed control at different application timings and rates varied among 
species (Table 2). Common cocklebur was the most susceptible weed to glyphosate, while 
common waterhemp and velvetleafwere more tolerant. Field observations noted a gradient 
of susceptibility to glyphosate among species where common cocklebur>>common 
waterhemp>velvetleaf. 
Common Cocklebur. Glyphosate rates from 285 to 1140 g ai/ha provided 
equivalent control of common cocklebur across all locations 6 WAT (Table 2). Rates of 285 
to 1140 g ai/ha provided 87% or greater control at both locations in 2002. The lowest 
glyphosate rate of 143 g ai/ha provided greater then 76% control at both locations in 2002. 
Common cocklebur control was significantly decreased with the EPOST application 
timing in 2002 (Table 2). All other application timings provided greater than 82% control of 
common cocklebur 6 WAT. In 2003, common cocklebur control 6 WAT was less than 50% 
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due to new common cocklebur germination after glyphosate applications with all application 
timings except the FLOWER timing which gave 98% control. 
A significant interaction between glyphosate application timing and rate occurred for 
common cocklebur control in Field 7 in 2002. This interaction was due to lower weed 
control ratings for the EPOST timing that gave a larger increase in control among rates as 
rates increased (Table 2). All other application timings provided greater than 90% control 
with all application rates while less than 80% control was seen with all rates in the EPOST 
timing (Data not shown). 
Velvetleaf. Velvetleaf responses to glyphosate rates differed between years and 
locations (Table 2). During 2002 in Field 7 which had the highest velvetleaf population 
density, all glyphosate rates differed significantly. Only the labeled glyphosate rate of 1140 
g ai/ha provided greater than 90% velvetleaf control 6 WAT. All other rates provided less 
than 80% velvetleaf control. In Field 9 in 2002 where total weed population densities were 
the highest, results were similar to Field 7 except the labeled glyphosate rate of 1140 g ai/ha 
gave only 82% velvetleaf control. Decreased velvetleaf control may have been due to 
decreased herbicide penetration into the weed canopy. In 2003, glyphosate rates from 285 to 
1140 g ai/ha gave over 85% velvetleaf control. 
The EPOST and FLOWER application timings provided greater velvetleaf control 
than the other application timings at 6 WAT in 2003 (Table 2). The increased control may 
have been due to the velvetleafbeing more susceptible during the seedling and flowering 
stages (Jordan et al., 1997). Velvetleaf may be slightly more tolerant at the MPOST and 
LPOST timings than at other application timings. The MPOST timing also showed a 28% 
decrease in velvetleaf control compared to all other timings in Field 7 in 2002. 
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The effects of glyphosate rate on velvetleaf weed control were not consistent across 
application timings in Field 7 during 2002. Weed control was significantly lower with the 
MPOST application timing (Table 2). The lower velvetleafweed control seen with the 
MPOST timing was due to poorer control with the lower rates of glyphosate (Data not 
shown). Lower application rates were more effective at other application timings in 
velvetleaf in Field 7 during 2002. 
Common Waterhemp. Common waterhemp response to glyphosate rates differed 
between 2002 and 2003. In 2002, glyphosate rates significantly differed in common 
waterhemp control (Table 2). Only the labeled glyphosate rate of 1140 g ai/ha was able to 
give common waterhemp control greater than 85%. In 2003, persistent rains in June and 
early July allowed for continued common waterhemp germination after the glyphosate 
applications resulting in poor control 6 WAT for all rates. The 143 g ai/ha rate did, however, 
provide significantly lower control in 2003. 
Common waterhemp control was not affected by glyphosate application timing in 
2002 but in 2003 the LPOST and FLOWER timings provided superior common waterhemp 
control compared with the two early timings (Table 2). This was mainly due to persistent 
rains early in the summer in 2003 that encouraged germination later in the season. Season-
long common waterhemp control was poor with the two earliest timings in 2003 due to new 
common waterhemp emergence after glyphosate application. 
Mortality 
The mortality of all weed species was greater in 2003 than 2002. Different gradients 
of susceptibility to glyphosate were seen with each species. 
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Common Cocklebur. Common cocklebur mortality increased equally with rates 
from 285 to 1140 g ai/ha in 2002 and with all glyphosate rates in 2003 (Table 3). Higher 
weed population densities in Field 9 in 2002 slightly decreased common cocklebur mortality 
from glyphosate treatments which may have been due, in part, to decreased herbicide 
penetration into the weed-crop canopy allowing the shorter plants to survive glyphosate 
treatments. 
In 2002, LPOST and FLOWER application timings gave significantly higher 
common cocklebur mortality than earlier application timings (Table 3). Common cocklebur 
mortality was not significantly affected by glyphosate application timing 2003. 
Common cocklebur mortality, with respect to glyphosate rates, differed among 
application timings in Field 7 in 2002 (Table 3). The EPOST and MPOST application 
timings provided significantly lower common cocklebur mortality than the other two 
application timings while the mortality with the 143 g ai/ha rate of glyphosate was much 
lower than the other rates. The lowest rate of glyphosate did not provide as much weed kill 
with earlier application timings as it did with later application timings (Data not shown). 
Velvetleaf. Effects of glyphosate rates on velvetleaf mortality differed between 
locations (Table 3). In Field 7 in 2002, all rates differed significantly from one another with 
only the 1140 g ai/ha rate of glyphosate killing over 90% of the tagged velvetleaf. Similar 
results were seen in Field 9 in 2002 except the velvetleaf mortality for 285 and 570 g ai/ha 
were near 80%. The greatest velvetleaf mortality was observed in 2003 where the 143 g ai/ha 
glyphosate rate killed over 80% of the tagged plants and glyphosate rates from 285 to 1140 g 
ai/ha provided complete kill of the tagged velvetleaf. 
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Application timings were only a significant factor in velvetleaf mortality in Field 7 
during 2002 (Table 3). The EPOST and FLOWER application timings were more effective 
than the other two glyphosate application timings. In 2003, the EPOST timing killed more 
velvetleaf than the FLOWER timing. These results were consistent with those of Jordan et 
al. (1997) who found that velvetleaf could be consistently controlled with an early 
postemergence application timing of glyphosate due to the most active growth of velvetleaf 
during this stage. 
In 2002, there were inconsistencies on the effects of glyphosate rate at each 
application timing. The MPOST and LPOST application timings had lower mortality rates in 
Field 7 during 2002 (Table 3). Velvetleafmortality was not as high as glyphosate rates 
increased in the MPOST and LPOST application timings compared to the other two timings 
(Data not shown). Growth rates ofvelvetleafmay have been higher earlier in the growing 
season which caused higher velvetleaf mortality rates with earlier glyphosate application 
timings (Jordan et al., 1997). In Field 9 during 2002, the significant interaction of 
application timing and rate was due in part to higher mortalities in the untreated plots in the 
LPOST and FLOWER timing. 
Common Waterhemp. In 2002, glyphosate rates from 285 to 1140g ai/ ha provided 
near 80% common waterhemp mortality (Table 3). Common waterhemp mortality was much 
greater in 2003 where total kill of tagged common waterhemp plants was achieved with all 
glyphosate rates from 285 to 1140 g ai/ha and 97% mortality was reached with 143 g ai/ha of 
glyphosate. 
Significantly greater common waterhemp mortality was achieved in 2002 with the 
MPOST, LPOST, and FLOWER timings (Table 3). The EPOST application timing only 
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provided a 50% kill of tagged common waterhemp in 2002. Glyphosate timings did not 
significantly affect common waterhemp mortality in 2003. 
Flowering 
Flower initiation responses to glyphosate application timings and rates differed 
between species in 2003 (Table 4). Common cocklebur showed no significant differences in 
flower initiation due to glyphosate applications. Velvetleafplants receiving a glyphosate 
treatment prior to flowering flowered significantly later in the season than plants that did not 
receive a treatment. Glyphosate at 570 g ai/ha significantly delayed the flowering in 
velvetleaf. Common waterhemp flower initiation in the MPOST timing was significantly 
later than application timings that did not receive a glyphosate application until after flower 
initiation. 
A significant glyphosate rate by application timing interaction existed with velvetleaf 
flower initiation (Table 4). This interaction was due, in part, to delayed flowering observed 
with the 570 g ai/ha glyphosate rate. The flowering delay at this rate was only observed in 
the MPOST and LPOST timings (Data not shown). The cause of the delay in flowering may 
have been due, in part, to the plants being stunted by the higher glyphosate treatment and 
getting overgrown by the soybean canopy thus delaying the growth and development of the 
velvetleaf plant. The interaction may also have been due, in part, to many missing 
observations in flowering at numerous rates in the EPOST timing due to all tagged velvetleaf 
plants being killed by the glyphosate treatments (Data not shown). 
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Soybean Yield 
Glyphosate rates from 285 to 1140 g ai/ha gave equivalent soybean yields (Table 5). 
Glyphosate rates below 285 g ai/ha significantly reduced soybean yields in 2002 but not in 
2003. Similar yields across all rates in 2003 were due to lower weed population densities 
resulting in reduced weed interference with the soybeans. Lower weed population densities 
can support the use ofreduced rates (Dieleman and Mortensen, 1998; Jones et al., 1990; 
Taylor and Hartzler, 2000; Winkle et al., 1981). All glyphosate rates resulted in soybean 
yields significantly higher than untreated controls. 
The effect of glyphosate application timing on the soybean yield was heavily 
dependent on weed population density. The MPOST and LPOST application timings 
allowed for the greatest soybean yields across all weed population densities (Table 5). These 
application timings were usually within one week of each other and allowed most of the 
weeds to emerge while not allowing interference with the crop. The EPOST timing resulted 
in soybean yields similar to MPOST and LPOST when weed population densities were low 
but allowed significant yield reductions in plots with higher weed population densities. 
Glyphosate application near weed flowering caused significant soybean yield reductions due 
to the extended period of weed-crop interference. 
The influence of glyphosate rate on soybean yield was inconsistent across application 
timings in Field 9 in 2002. This was likely due to differential interference between weeds 
and soybeans across timings and locations. In 2002, Field 9 had the largest populations of 
weeds. There was a large decrease in soybean yields with the lowest rate of glyphosate in the 
EPOST timing (Data not shown). The large soybean yield decrease was due to new weed 
growth that developed and competed with the soybeans after glyphosate application in the 
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EPOST timing. The weed interference with soybean yields was more pronounced with lower 
rates. In later application timings, new weed growth was less after application and the 
soybeans were able to compensate for the decreased weed competition after glyphosate 
application and adjust yield. 
DISCUSSION 
Growth parameters of weed leaf number and height were recorded for tagged plants 
of each species. Due to a predominance of missing data due to the mortality of the tagged 
plants, a statistical analysis of the growth data was not feasible. Common cocklebur leaf 
number and heights were greatly reduced compared to the untreated controls with all rates of 
glyphosate. Common cocklebur leaf number and height reductions ranged from 72 to 100% 
and 78 to 100%, respectively (Data not shown). Reductions in velvetleaf growth were not as 
large as common cocklebur growth reductions but overall velvetleaf growth reductions 
tended to be greater with earlier application timings. Only the labeled rate (1140 g ai/ha) of 
glyphosate consistently gave the greatest reductions in velvetleaf growth (Data not shown). 
The largest reductions in common waterhemp height occurred only with the labeled rate 
(1140 g ai/ha) of glyphosate while leaf number was greatly reduced with both the 570 and 
1140 g ai/ha rates (Data not shown). Greater reductions in weed growth with reduced rates 
were observed in 2003 when weed population densities were lower. 
Past research suggested that glyphosate rate and timing were critical to weed control 
in soybeans (Jordan et al., 1997; Oliver et al., 1996). The results of this study demonstrate 
that glyphosate rates consistently affect weed control, weed growth, and soybean yield while 
application timing is less consistent in how it affected these variables. Tingle et al. (1996) 
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also found glyphosate rate but not application timing to influence season long control and 
yield. Responses to glyphosate rates and application timings were dependent on weed 
species and weed density. For example, velvetleaf control and growth was not affected as 
much by glyphosate in Field 7 in 2002 as compared to velvetleaf in other locations. Field 7 
had the highest velvetleafweed density which may be why velvetleaf control and growth 
reductions were less compared to other locations. Weed densities varied between years and 
locations. The use of reduced rates was better suited to lower weed population densities 
(Dieleman and Mortensen, 1998; Jones et al., 1990; Taylor and Hartzler, 2000; Winkle et al., 
1981 ). Mortality rates and growth reductions were much greater for all species in 2003 when 
weed population densities were the smallest and was likely attributable to better plant 
interception of the herbicide. Spray coverage and plant interception of herbicide can be more 
challenging with high weed population densities (Dieleman and Mortensen, 1998). Smaller 
weeds within the canopy may not be killed. High weed population densities also can affect 
herbicide penetration due to increased cuticular barriers formed because of competition with 
other weeds and the crop for soil moisture (Dieleman and Mortensen, 1998). 
This study demonstrated that reduced glyphosate rates could be very effective.under 
certain situations. Glyphosate rates as low as 285 g ai/ha (l/4x) could be used without 
significantly affecting yields. Baldwin and Oliver (1985) reported that many postemergence 
herbicides could be applied at rates as low at 1/4 the labeled rate and provide similar control 
if they are applied early, precisely, and under favorable conditions. In this study, glyphosate 
rate reductions, as low as 285 g ai/ha, were very effective at controlling and reducing the 
growth of very susceptible species such as common cocklebur. Similar research has also 
shown that reduced rates of glyphosate provide excellent control of common cocklebur 
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(Baldwin, 1995; Barrentine, 1994). The success ofreduced glyphosate rates was less 
consistent with comparatively less susceptible species such as velvetleaf and common 
waterhemp. Velvetleaf and common waterhemp have been reported as having more 
tolerance to glyphosate (Hartzler, 1998; Kapusta et al., 1994). For single annual glyphosate 
applications in soybeans, labeled rates should be used for the most consistent control of 
tough weeds and greatest reductions in weed growth. While soybean yields with rates as low 
as 285 g ai/ha were not statistically different from labeled rates (1140 g ai/ha) of glyphosate, 
the rate reductions will allow many velvetleaf and common waterhemp weeds to survive and 
produce seed that will be added to the weed seed bank. Reduced rates may be more 
successful with lower weed densities and with the use of other integrated management 
practices such as sequential applications of reduced rates, application of residual pre-
emergence herbicides, and cultivation. Use of these tactics would help provide more 
consistent season long control of highly susceptible species such as common cocklebur and 
make the use of reduced rates more successful with more tolerant weed species such as 
velvetleaf and common waterhemp. Steckel et al. (1990) found cultivation to be beneficial 
when utilizing early applications of reduced rates. Pre-emergence followed by post-
emergence and two reduced rate post-emergence glyphosate applications both gave better 
season long control than a single post-emergence glyphosate applications (Reddy, 2001). 
The effects of glyphosate application timings were inconsistent. Overall, soybean 
yields were maximized with the MPOST and LPOST application timings that occurred three 
to five weeks after planting. Four weeks ofbroadleaf and grass competition after soybean 
emergence has not been shown to affect soybean yield under well-watered conditions (Eaton 
et al., 1976; Hagood et al., 1980; Jackson et al., 1985; VanGessel et al., 2000). The 
47 
FLOWER application timing was well into the soybean reproductive stages and allowed 
significant yield reductions, which is similar to reports by Stoller et al. (1987). Glyphosate 
weed control was better with the later three application timings for common cocklebur and 
common waterhemp while application timing demonstrated no effect on velvetleafweed 
control. Significant velvetleaf mortality and growth reductions occurred with early season 
applications while the greatest increases in common cocklebur mortality and common 
waterhemp growth were from later season applications. Similar results have been found with 
other studies (Franzenburg et al., 1998; Harvey et al., 1986; Krausz et al., 1996; Young et al., 
2001). Jordan et al. (1997) found the most consistent control ofvelvetleafwith an early-
post-emergence application timing of glyphosate due to its most active growth during this 
stage during this time. 
Further research with reduced rates and timings of glyphosate should include the 
implementation of integrated management techniques, such as sequential applications of 
reduced rates of glyphosate, cultivation, pre-emergence herbicides, with reduced glyphosate 
rates and application timings to elucidate the response of the soybean crop and weeds to this 
more intensive management. This research indicated that integrated management techniques 
could be implemented in a field setting to provide better weed control and possibly increase 
soybean yields. The data also suggested a need to further define the effect of weed 
population density on the value of reduced glyphosate rate technologies. Performing such 
studies and integrating the economics of each type of management system would better 
define the best management alternative that maximizes herbicide use, weed control, profits, 
yields, and weed seed bank additions. 
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CHAPTER 2. EFFECT OF GLYPHOSATE ON COMMON 
COCKLEBUR, VELVETLEAF, AND COMMON WATERHEMP SEEDS 
A paper submitted to Weed Technology 
Brent M. Swart, Micheal D .K. Owen, and Allen D. Knapp 
Abstract 
Glyphosate is the most widely used herbicide for weed control in soybean production. 
Environmental and economic factors have caused growers to use reduced glyphosate rates 
and alternate application timings. Glyphosate treatments at differing rates (0, 143, 285, 570, 
1140 g ai/ha) and applications timings (EPOST, MPOST, LPOST, FLOWER) were applied 
to weeds in field locations in Ames, IA. Common cocklebur, velvetleaf, and common 
waterhemp seeds surviving treatments were collected and analyzed to determine the effect of 
glyphosate on seed production, viability, germination, and dormancy. Effects of glyphosate 
were species dependent and not consistent across locations and years. Glyphosate reduced 
common cocklebur, velvetleaf, and common waterhemp seed production. Common 
cocklebur viability decreased 10 to 20% while common waterhemp viability decreased 16% 
with glyphosate rates of 143 g ai/ha. Common cocklebur and common waterhemp 
germination and dormancy, as a percent of viable seed, were not affected by glyphosate. 
Glyphosate reduced velvetleaf germination 69% to 79% at one location. At another location, 
rates of 143 and 285 g ai/ha reduced velvetleaf germination by 56% and 32%, respectively. 
Velvetleaf seed dormancy also increased. Velvetleaf seed viability was not affected by 
glyphosate treatments. The most consistent effect ofreduced glyphosate rates and different 
application timings was reduced seed production. 
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INTRODUCTION 
Weed seed quality can be reduced by many different anthropomorphic and 
environmental factors. These factors include predation, soil conditions, and herbicide 
treatments (Egley and Chandler, 1978; Evans et al., 1963; Fawcett and Slife, 1978; Kremer 
and Spencer, 1989; Taylorson, 1970). Glyphosate is the primary herbicide used for weed 
control in soybeans and was applied on 78% of the soybean acres in the United States in 
2002 (Kudsk and Streibig, 2003; NASS, 2002). The relative ease of use and application 
flexibility of a glyphosate herbicide program is very attractive to growers, although time 
restraints and environmental factors may still delay applications past labeled application 
timings. Reduced herbicide rates have become more prevalent in recent years due to 
decreased profit margins and environmental factors (Norris et al., 2001). Reduced herbicide 
rates and non-optimal application timings may allow some weeds to survive. However, ifthe 
survivors are unable to produce viable seed, there will be no additions to the weed seed bank. 
Furthermore, if the survivors produce fewer dormant seeds, the seeds will not persist in the 
soil for as many years. Reducing the number of viable weed seeds returned to the soil seed 
bank can be beneficial even if complete weed control is not accomplished (Dieleman and 
Mortensen, 1998). Some research on the effects of herbicide rates and timings showed 
reductions in seed viability (Biniak and Aldrich, 1986; Fawcett and Slife, 1978; Maun and 
Cavers, 1969) while other research showed no differences in seed viability (Taylor and 
Oliver, 1997). All experiments, however, showed significant reductions in seed production. 
Herbicides may be translocated to floral meristems and accumulate or interfere with 
plant metabolites or hormone supply to the developing seed (Henzell et al., 1985). 
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Glyphosate is a systemic herbicide that may have an indirect effect on the developing weed 
seed by inhibiting protein synthesis in the plant or by being translocated to developing sinks 
in the plant (Cole, 1985; Franz et al., 1997; Whigham and Stoller, 1979). Other systemic 
herbicides reduced assimilate flow to the seed and had significant effects on seed 
characteristics (Devine et al., 1983; Henzell et al., 1985). Imazaquin and chlorimuron-ethyl 
accumulated in the meristematic tissues and inhibited cell division resulting in no seed 
production (Isaacs et al., 1989). 
The disruption of the shikimic acid pathway and aromatic amino acid biosynthesis in 
the plant by glyphosate could be very important, especially during seed formation and filling. 
Amino acids and sucrose are transported to the seed from the plant for synthesis of storage 
materials (Egli, 1998). Limited amino acid import would limit the amount of storage 
proteins accumulating in the seed, which could limit seedling growth and viability (Cerdeira 
et al., 1985). 
A disruption in the carbon flow through the plant could affect how a seed develops on 
the mother plant. Late in the season annual weed species devote most of their resources to 
the seed. An alteration in the carbon flow to this sink by glyphosate could lead to 
underdeveloped, non-viable progeny. Anything affecting plant growth can affect seed 
growth (Egli, 1998). 
Late-season herbicide applications, near flowering, have reduced reproductive 
capabilities such as seed production, viability, germination, and dormancy (Bennett and 
Shaw, 2000; Biniak and Aldrich, 1986; Evans et al., 1963; Fawcett and Slife, 1978; Henzell 
et al., 1985; Isaacs et al., 1989; Maun and Cavers, 1969; Rojas-Garciduenas and Kommedahl, 
1960; Taylor and Oliver, 1997). Using herbicides to reduce seed production and/or 
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germination and viability usually requires the herbicide to be applied early in reproductive 
development (i.e. - early bloom, early fruit) as opposed to later (i.e. - late fruit) (Biniak and 
Aldrich, 1986; Isaacs et al., 1989). Applications of 2,4-D on curly dock before, during, and 
after flowering demonstrated that application timings 12 days before flowering prevented 
viable seed production (Maun and Cavers, 1969). Treatments at flowering and seven days 
after flowering resulted in some seed production but significantly reduced germination 
compared to the untreated controls. Treatment 34 days after flowering had no effect on the 
seed viability or number of seeds produced. Once weed seeds reached maturity, seed 
production and viability was not reduced. Four harvest-aid herbicides (AC 263,222, 
glufosinate, glyphosate, paraquat) were shown to reduce seed production, germination, and 
normal seedlings of sicklepod when applied before seed maturity (Ratnayake and Shaw, 
l 992b ). Glyphosate applied at the R5 soybean stage reduced the percentage of normal 
seedlings by 69%. 
Glyphosate was one of the best herbicides at reducing weed seed production when 
applied at flowering (Taylor and Oliver, 1997). Glyphosate applied as a 33% solution by 
roller application during early flowering reduced seed production and germination of seed 
produced by 99 % and 50% in velvetleaf and 96% and 95% in giant foxtail, respectively 
(Biniak and Aldrich, 1986). Similarly, glyphosate reduced sicklepod seed production by 
84% and seedling vigor by 50% (Isaacs et al., 1989). Other studies have also shown this to 
be the best time to reduce viability and germination (Evans et al., 1963; Hill et al., 1962). 
Environmental conditions before anthesis can alter the number of seed produced by limiting 
plant size and resources for the production of viable seed (Egli, 1998). 
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Dieleman and Mortensen (1998) stated a need to determine the influence of reduced 
glyphosate rates on weed seed production, viability, vigor, and emergence. The objective of 
this project was to investigate the effects of reduced rates and different timings of glyphosate 
on the viability, germination, dormancy and seed production of common cocklebur, 
velvetleaf, and common waterhemp. 
MATERIALS AND METHODS 
Field research was conducted in 2002 and 2003 at the Curtiss Research Farm at Iowa 
State University in Ames, IA. In 2002, the experiment was established in Field 9 and Field 7 
and Field 9 was used as the experimental site in 2003. The soil was a Clarion loam (Fine-
loamy, mixed, mesic Typic Hapludoll) with a pH of 6.8 and 4.3% organic matter. The 
experimental area in Field 9 was infested with common cocklebur, velvetleaf, and common 
waterhemp while Field 7 had common cocklebur and velvetleaf. Tillage consisted of fall 
chiseling followed by two passes with a field cultivator before planting. In 2002, 
experiments were planted to soybean cultivar AG 2402 RR8 on May 24 at a depth of 3 cm in 
76 cm wide rows at a population of 381,000 seeds/ha. In 2003, experiments were planted to 
soybean cultivar AG 2403 RR8 on May 23 at a depth of 3 cm in 76 cm rows at a population 
of 373,000 seeds/ha. Sub-plot size was 3.0 m by 6.7 min 2002 and 3.0 m by 5.0 min 2003. 
In 2002, clethodim9 was applied to all plots at 105 g ai/ha along with crop-oil concentrate 
(COC)10 at 1.0% v/v in 187 L/ha of water when grasses reached 2.5 cm to 10 cm in height. 
The clethodim was applied on June 7 in Field 9 and on June 14 in Field 7. The purpose of 
8 Asgrow Soybeans, Monsanto Company, 700 Chesterfield Parkway North, St. Louis, MO 63198 
9 Select, Valent U.S.A. Corporation, 1333 N California Blvd. #600, Walnut Creek, CA 94596-8025 
10 Premium Crop-Oil Concentrate manufactured for United Suppliers, Inc., Eldora, IA 50627 
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this was to eliminate all grass species in the plot and focus on the broadleaf species. In 2003, 
cups were placed over previously tagged broadleafweeds and the plot was over sprayed with 
1140 g ai/ha of glyphosate11 in 187 L/ha. This was done to eliminate all weeds except 20 
plants per species per sub-plot. Sub-plots were then hand-weeded to maintain only these 
weeds until the treatments were applied. There was no hand-weeding after treatments were 
applied. 
The experiment was a four by five factorial of glyphosate application timing and rate 
conducted as a split-plot of a RCBD with four replications in 2002 and three replications in 
2003. The whole plots timings of: early postemergence (EPOST), mid-postemergence 
(MPOST), late postemergence (LPOST), and weed flowering (FLOWER). Timings were 
based on weed heights: EPOST 8-10 cm, MPOST 15-20 cm, LPOST 25-30 cm, and 
FLOWER (flowering ofvelvetleaf and common waterhemp). Velvetleaf and common 
waterhemp flowering occurred during the same period, while common cocklebur flowered 
two to three weeks later. Application rates were the sub-plots and consisted of glyphosate 
rates of 143, 285, 570, 1140 g ai/ha. An untreated control sub-plot was also included within 
each whole plot timing. All glyphosate treatments included 2.2 kg/ha ammonium sulfate12 • 
Herbicide treatments were applied using a compressed C02 backpack sprayer system with 
11002 flat-fan nozzles13 delivering 187 L/ha water at 207 kPa. 
Application dates, weed heights, soybean growth stages, and environmental 
conditions at each application timing for both years are presented in Table 1. In 2002, weed 
population densities before treatment averaged 30 common cocklebur/m2, 11 velvetleaf/m2, 
11 Roundup Ultra Max, Monsanto Company, 700 Chesterfield Parkway North, St. Louis, MO 63198 
12 Sprayable Ammonium Sulfate manufactured for United Suppliers, Inc., Eldora, IA 50627 
13 Teejet 11002 flat-fan nozzles, Spraying Systems Co., Wheaton, IL 60189 
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and 345 common waterhemp/m2 in Field 9. Field 7 averaged 24 common cocklebur/m2 and 
22 velvetleaf/m2 in 2002. In 2003, weed populations before treatment were 20 plants of each 
species per sub-plot. Seeds from common cocklebur, velvetleaf, and common waterhemp 
was removed from the plants, tagged before glyphosate treatments, as the seeds matured for 
further evaluation of germination, viability, and dormancy characteristics. Velvetleaf 
capsules were harvested throughout August and September as they turned brown to prevent 
seed loss from the capsules. Common waterhemp where harvested when approximately 50% 
of the seeds on the plants were visibly mature (black, shiny seeds). Common cocklebur burs 
were collected the day before soybean harvest. 
Due to low seed numbers for some treatments, seeds were bulked by treatments 
across replications. This was done to obtain adequate seed numbers for each treatment to 
perform germination and viability tests. In 2003, seed beetles (Bruchidae family) infested 
velvetleaf seed samples and all velvetleaf seed samples were sprayed with lambda-
cyhalothrin14 insecticide at a rate of 0.5% v/v. 
Bulk seed samples were weighed to obtain a bulk weight (BW) from each treatment. 
Then four replications of 100 seeds from each bulked treatment were weighed to obtain the 
average fresh weight (FW) of 100 seeds for each treatment. The samples were then dried in a 
Thelco15 oven at 80 C for 48 hours then weighed again to obtain an average dry weight (DW) 
of 100 seeds for each treatment. Seed moisture was calculated using fresh weight and dry 
weight in Equation 1. 
((FW-DW)/DW)*lOO [l] 
14 Warrior, Syngenta Group Company, 1800 Concord Pike, Wilmington, DE 19850 
15 Thelco oven (model 18). Precision Scientific Company, 170 Marcel Dr., Winchester, VA 22602 
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An estimation of the total amount of seed produced for each treatment was also obtained by 
using the seeds bulk weight and fresh weight in Equation 2. 
(BW/FW)*lOO [2] 
Germination and viability tests for each weed species were conducted on replicated 
samples from the bulked seeds from each treatment. These tests were set up in a RCBD with 
four replications of 25 seeds per replication. The germination test was blocked by position in 
the germination chamber. The viability test was blocked by time. The germination test was 
conducted by placing the seed on moistened germination blotter paper16 in petri dishes. The 
petri dishes were then sealed and placed in a Hoffman 17 controlled environment chamber in 
the dark at 25 C for 14 days. Seed germination was determined by radicle protrusion after 
the 14-day incubation period. No dormancy breaking mechanisms were used in the 
germination experiment. Common cocklebur achenes remained in the bur for the 
germination experiment and spines were removed using rubber corrugated press boards. 
Viability tests were conducted using 2, 3, 5 - triphenyl tetrazolium chloride (TZ)18 . 
A 0.1 % TZ solution was used for all species. Seed from all species were incubated in the 
dark at 25 C on moistened germination blotter paper overnight and then the seeds were cut 
using a razor blade and placed into the 0.1 % TZ solution. Common cocklebur achene were 
cut in half longitudinally and incubated in the dark at 35 C for 3 hours. Velvetleaf seed were 
cut in half laterally and incubated in the dark at 35 C for 2.5 hours. Common waterhemp 
seed were cut radially at the seed nick and incubated in the dark at 25 C for 20 hours. 
Following the incubation period, seeds were analyzed visually following the guidelines laid 
16 Anchor steel blue seed germination blotter. Anchor Paper Co., 480 Broadway, St. Paul, MN 55101 
17 Hoffman controlled environment chamber. Hoffman Manufacturing, P.O. Box 547, Albany, OR 97321 
18 Tetrazolium Red. Sigma Chemical Company, P.O. Box 14508, St. Louis, MO 63178, USA 
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out in the Tetrazolium Testing Handbook for respiration indicated by a pink to red color 
staining on respiring embryo parts (AOSA, 1970). 
Seed dormancy is a measure of the percent of viable seed in a seed lot that will not 
germinate, even under favorable conditions. Dormancy was calculated based on germination 
and viability results for each treatment. Percent dormancy for seeds from each treatment was 
calculated with Equation 3. 
% Dormancy= (% viability - % germination) [3] 
% viability 
Data from the lab experiment was subjected to ANOVA at the p<0.05 probability level and 
analyzed using the SAS system19 . Data from both years was analyzed using PROC GLM 
procedure to identify significant main effects and interactions of glyphosate timing and rate 
on the seed characteristics of each species. Means separation was conducted using Fisher's 
Protected LSD (P ~ 0.05). Viability, germination, and dormancy measurements were 
analyzed as percentages and as transformed data using the arcsine transformation. The 
transformed data analysis did not give different results from the analysis with non-
transformed data so the non-transformed data is presented. 
RESULTS 
The effects of glyphosate application timings and rates on viability, germination, 
dormancy, and seed production differed greatly among species, locations, and years. Effects 
19 Statistical Analysis Systems by the SAS Institute Inc., Cary, NC 27513-2414, Version 8.2, Copyright 1999-
2001 
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of glyphosate rates and application timings were inconsistent with velvetleaf, while effects 
were more consistent in common cocklebur and common waterhemp. 
Common Cocklebur 
Glyphosate treatments greatly reduced common cocklebur achene production (Table 
2). Glyphosate rates from 285 to 1140 g ai/ha eliminated achene production on tagged 
common cocklebur plants. Glyphosate rates of 143 g ai/ha reduced common cocklebur 
achene production by at least 90% compared to untreated plots. Glyphosate rates in the 
LPOST application timing completely eliminated achene production although application 
timing effects were minimal. 
Viability and germination tests were difficult to establish in common cocklebur due to 
large reductions in seed production. Treatments that allowed a few survivors that produced 
enough seed to test for these variables showed that only common cocklebur viability was 
affected by glyphosate treatments (Table 3). In Field 7 in 2002 glyphosate at 143 g ai/ha 
applied EPOST reduced glyphosate viability 20%, while the same rate applied MPOST in 
2003 reduced viability by 10%. Germination and dormancy of common cocklebur, as a 
percent of viable achenes, was not significantly affected by glyphosate. 
Velvetleaf 
Effects of glyphosate application timings and rates were inconsistent across years and 
locations for all variables studied. Significant interactions of application timings and rates 
existed at all three locations but were an effect of missing data points at many rates and 
timings because of glyphosate treatments eliminating seed production. 
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Seed beetles (Bruchidae family) infested velvetleaf seed samples and affected seed 
viability results in 2003. A seed was not viable when a seed beetle infested it (Appendix 2). 
Seed beetles infestations are a common occurrence in Iowa velvetleaf populations (Larry 
Pedigo, Personal communication). Significant treatment effects to velvetleaf seed viability 
and dormancy occurred in 2003. The information in the following paragraphs and data 
presented in Table 4 are based on the assumption that the infested seeds in 2003 would have 
been viable had they not been infested with seed beetles. Observations from the TZ test 
indicated that this would be the more likely scenario. 
Seed Production. Velvetleaf seed production was greatly decreased, compared to 
untreated controls, by glyphosate except for the 143 g ai/ha rate MPOST and LPOST in 2002 
(Table 2). The low glyphosate rate decreased weed population densities but allowed the 
most velvetleaf to survive resulting in increased seed production over the untreated controls. 
Increased seed production may have been due in part to decreased competition that allowed 
the surviving velvetleaf plants a more ideal environment to grow and produce seed. With all 
other glyphosate rates and application timings, velvetleaf seed production was decreased by 
at least 50% over untreated controls with any rate of glyphosate. Although velvetleaf seed 
production numbers were similar across glyphosate application timings, the earliest 
application timings seemed to cause the greatest reduction in seed number. The reductions in 
seed production were mainly due to higher mortality and growth reductions observed with 
velvetleafwhen glyphosate was applied at earlier timings (Swart et al., XXXX). 
Viability. Glyphosate application timings and rates did not consistently affect 
velvetleafviability (Table 4). The viability of the FLOWER application timing was reduced 
by 9% in Field 7 in 2002 but viability reductions were not seen in Field 9. 
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Germination and Dormancy. Velvetleaf germination was reduced from 69 to 79% 
with glyphosate rates of 143 to 570 g ai/ha respectively in Field 9 in 2002 and dormancy was 
increased by at least 50% with all glyphosate rates (Table 4). Glyphosate at 143 and 285 g 
ai/ha decreased velvetleaf germination by 56% and 32%, respectively and increased 
dormancy by 19% and 12% in Field 7 in 2002. Velvetleaf germination and dormancy, as a 
percent of viable seed, was not affected by glyphosate rate in 2003. 
Velvetleaf germination, as a percent of viable seed, was decreased by 64% in the 
LPOST and FLOWER timing in Field 7 in 2002 while dormancy was decreased by at least 
18%, compared to other timings, in the MPOST timing (Table 4). Glyphosate application 
timings did not affect velvetleaf germination or dormancy, as a percent of viable seed, in 
Field 9 in 2002 or 2003. 
Common Waterhemp 
Glyphosate at 143 g ai/ha caused a 17% decrease in common waterhemp seed 
viability over all other rates of glyphosate and an 11 % decrease in seed viability over 
untreated controls (Table 5). Common waterhemp viability was not affected by glyphosate 
rate in 2003. Glyphosate application timings did not affect common waterhemp viability. 
Common waterhemp germination and dormancy, as a percent of viable seed, were not 
affected by any glyphosate application timing or rate. 
Common waterhemp seed production was greatly reduced by glyphosate compared to 
untreated controls except for the EPOST timing in 2002 and the MPOST timing rate of 143 g 
ai/ha in 2003 (Table 2). The largest reduction in common waterhemp seed production 
occurred with the LPOST application timing. Glyphosate rate response was more difficult to 
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distinguish with common waterhemp because one common waterhemp plant that survived a 
glyphosate treatment could potentially produce greater seed numbers than many plants in an 
untreated check plot. Furthermore, common waterhemp is dioecious so a surviving plant will 
not produce seed if it is male. 
DISCUSSION 
This study demonstrated that glyphosate effects on seed production, viability, 
germination, and dormancy were species dependent. Kasera and Sen (1986) also found 
herbicides to give species-specific results with respect to seed viability and germination. 
Common cocklebur and common waterhemp showed minor reductions in seed viability due 
to glyphosate but germination and dormancy, as a percent of viable seed, was not affected. 
Velvetleaf exhibited no consistent reductions in seed viability but larger reductions in seed 
germination and increases in seed dormancy, as a percent of viable seed. Responses in 
velvetleaf germination and dormancy may be attributed to delayed velvetleaf flowering in 
response to glyphosate (Swart et al., XXXX). Flowering may have been delayed due to the 
stress applied by the herbicide. Plants may produce more dormant seed if it is under a stress 
during reproductive development (Black, 1970; Simpson, 1990). Glyphosate application 
timing and rate effects were generally inconsistent across locations. For example, glyphosate 
consistently affected velvetleaf seed germination in 2002, but in Field 7, lower glyphosate 
rates reduced germination while in Field 9, higher rates reduced germination. 
Glyphosate affected common cocklebur seed production more than seed viability, 
germination, or dormancy. Bur production was essentially eliminated with glyphosate rates 
from 285 to 1140 g ai/ha. Reductions in achene production were mainly due to common 
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cockleburs high susceptibility to glyphosate (Swart et al., XX.XX). Studies conducted with 
full and half rates of 2,4-D and dalapon reported high reductions in seed production due to 
plant death (Fawcett and Slife, 1978; Rojas-Garciduenas and Kommedahl, 1960). Decreases 
in viability were small and may not give a significant effect in a field setting especially with 
the small amounts of common cocklebur achenes produced. 
Common waterhemp results were similar to common cocklebur with slight effects of 
glyphosate rates on common waterhemp seed viability in some locations, but no response to 
glyphosate with respect to germination and dormancy. Reduction in common waterhemp 
seed production was the most consistent glyphosate effect, although the reductions were 
variable. The largest reductions in seed production occurred with the LPOST timing. Later 
applications timings gave better control of common waterhemp (Swart et al., XX.XX). 
Reduced velvetleaf seed germination and increased seed dormancy, as a percent of 
viable seed, was the greatest effect of the glyphosate. In 2002, all sub-lethal doses of 
glyphosate resulted in 69 to 79% reductions in germination while increasing dormancy. The 
decreases in velvetleaf seed germination can be accounted for by the increased dormancy that 
was observed. The seed still maintained viability. An increase in dormant seed will add to 
the longevity of the seed bank and increase weed problems in future years. Glyphosate 
reduced velvetleaf seed production by more than 50% versus untreated controls while over 
one-third of the glyphosate treatments eliminated velvetleaf seed production. Velvetleaf seed 
production was reduced more with earlier application timings which was similar to results 
observed with control and growth ofvelvetleaf in response to glyphosate (Swart et al., 
XX.XX). 
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The objective of this study was to evaluate sub-lethal doses of glyphosate on seed 
production, viability, germination, and dormancy. While common cocklebur and common 
waterhemp showed slight reductions in seed viability and velvetleaf seed showed decreased 
germination and increased dormancy, results were not consistent. Weeds that survived 
glyphosate to produce seed were adding viable seed to the seed bank thus proliferating weed 
problems for future years. Labeled rates (1140 g ai/ha) of glyphosate generally eliminated 
seed production. From a crop production standpoint, it is important to eliminate additions of 
viable weed seed to the seed bank. This study showed that the best way to eliminate 
additions of viable weed seed to the seed bank with glyphosate was to eliminate seed 
production. Plants that survived sub-lethal glyphosate treatments may have been limited in 
the amount of resources with which to feed the developing seeds so they sacrificed the 
quantity of seed produced to produce better quality, higher viability progeny. Changes in 
carbon partioning can lead to abortion of some developing embryos to assure viability and 
vigor ofremaining embryos (Wardlaw, 1990). Environmental conditions before anthesis 
can alter the number of seed produced by limiting plant size and leaf area thus reducing 
photosynthesis thereby limiting resources for the production of progeny (Egli, 1998). 
Future research to elaborate on the effects of glyphosate application timings and rates 
may include the use of sequential applications of reduced glyphosate rates. A sequential 
herbicide timing study could determine if two applications per year of reduced glyphosate 
rates would help eliminate seed production, and additions of viable seed to the seed bank, 
while still reducing herbicide input costs. The use of integrated management techniques, 
such as cultivation, with single reduced rate applications of glyphosate may be of interest to 
compare with sequential herbicide programs. Response to glyphosate between species was 
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different in this experiment. It would be of interest to look at these species separately, 
possibly at a molecular level, and follow the glyphosate in the plant to determine why the 
species respond so differently. For example, why is common cocklebur so much more 
susceptible to glyphosate than the other two species? A continuation of this study in a field 
without these three weed species present to look at the effects of these treatments on the 
development of seed banks and the true effects of the glyphosate in the seed germination and 
emergence in subsequent years in the field. The literature also suggests that the greatest 
herbicidal effects on seed characteristics can be seen when applications are made around 
weed flowering and before seed maturation. A better analysis of this would be to study 
single plants in the greenhouse to time the glyphosate applications more precisely. 
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GENERAL CONCLUSIONS 
• Effects of glyphosate were weed species dependant and varied between locations and 
years due to differences in environments and weed population densities. Regular 
late-spring rainfalls decreased season-long weed control with single glyphosate 
applications due to growth of new weeds. Lower weed densities in 2003 provided a 
better environment for the effective use of reduced glyphosate rates. 
• Glyphosate rates could effectively be reduced and give soybean yields similar to a 
labeled rate of the herbicide. Glyphosate rates from 285 to 1140 g ai/ha protected 
soybean yields. Reduced glyphosate rates were more effective when weed densities 
were lower. The MPOST and LPOST application timings consistently produced the 
highest soybean yields. 
• Common cocklebur was highly susceptible to all glyphosate application timings and 
the use of reduced rates. Common waterhemp and velvetleaf demonstrated more 
tolerance to glyphosate and reduced rates were not as effective 
• Reduced rates of glyphosate were most successful with common cocklebur. 
Glyphosate rates as low as 285 g ai/haconsistently gave common cocklebur control, 
mortality, leafreductions, and height reductions equivalent to a labeled rate (1140 g 
ai/ha) glyphosate. Glyphosate rates could be effectively lowered even further with 
lower weed population densities. However, single applications of glyphosate failed 
to provide sufficient season-long control of common cocklebur in 2003. Glyphosate 
application timings did not have a significant effect on common cocklebur since all 
timings were very effective but later application timings tended to give slightly better 
common cocklebur control and mortality. While glyphosate slightly reduced 
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common cocklebur viability, the greatest effect of the glyphosate came from massive 
reductions in achene production. The lowest rate of glyphosate (143 g ai/ha) 
provided over a 90% reduction in common cocklebur achene production. 
• Glyphosate effects on velvetleaf differed from those of common cocklebur and 
common waterhemp. Only the labeled rate (1140 g ai/ha) of glyphosate gave 
consistent control of velvetleaf across all locations and environments. Earlier 
glyphosate applications provided better velvetleaf control, reductions in leaf number 
and height, and mortality. Glyphosate treatments prior to flowering significantly 
delayed flower initiation in velvetleaf. The delayed flowering was only observed in 
velvetleaf and may have been the reason that decreases in velvetleaf germination and 
increases in dormancy were seen with reduced glyphosate rates in 2002. These 
effects would not be significant in a field setting because there were no reductions in 
viability of the velvetleaf seed produced. The velvetleaf seed produced was just more 
dormant which would potentially cause future problems in weed control. Substantial 
reductions in seed production were also observed with glyphosate applications on 
velvetleaf. 
• Season-long control of common waterhemp was not achieved with reduced or labeled 
rates of glyphosate. While glyphosate rates from 285 to 1140 g ai/ha gave equivalent 
reductions in leaf number, height, and mortality, new growth of common waterhemp 
late into the season inhibited season-long control of common waterhemp with single 
applications ofreduced rates. Even a single application of the labeled rate (1140 g 
ai/ha) of glyphosate could not provide acceptable season-long control in 2003. Later 
glyphosate application timings favored increased common waterhemp control and 
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mortality, growth reductions, and decreased seed production due to the late-season 
emergence patterns of common waterhemp. 
• Overall, in a field setting with all three weed species present, glyphosate was not 
consistent in giving reductions in weed seed viability, germination, or dormancy. 
Reductions in seed production were the most significant with reduced rates. 
• Single applications of reduced glyphosate rates were not effective in providing 
season-long control of common cocklebur, velvetleaf, and common waterhemp. 
Other management tactics, such as pre-emergence herbicides, sequential reduced rate 
glyphosate applications, tank-mixes with residual herbicides, or cultivation, would be 
needed to provide effective season-long weed control. Although soybean yields with 
reduced rates were equivalent to labeled rates, a significant amount of weeds were 
present at the end of the growing season to perpetuate the weed seed bank and 
provide significant weed problems in future years. 
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APPENDIXl 
Efficacy of glyphosate 2 weeks after treatment (WAT) when applied sequentially with and 
without clethodim at periodic intervals after the clethodim application. 
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APPENDIX2 
Percent viability, germination, and dormancy ofvelvetleaf seed produced by glyphosate 
treated plants with seed beetle (Bruchidae family) infested seed in 2003. 
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